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Abstracts 
The lack of improved water supply and sanitation has brought global threat to 
human health and the environment this century. Various disinfection methods such 
as chlorination, ozonation, UV irradiation have been adopted for water purification. 
However, the health hazard from the disinfection byproducts (DBFs) and the high 
operational costs have prompted the emergence of a new approach, known as 
photocatalytic oxidation (PCO). By irradiating the semiconductor of titanium 
dioxide (Ti02) with ultraviolet light (wavelength < 385 nm), powerful oxidizing 
hydroxyl radicals (.OH) are generated on TiOi surface and attack the bacterial cells 
to achieve bacterial inactivation. 
In this study, visible light-driven PCO coupled with TiCh was used to inactivate two 
freshwater bacteria, Escherichia coli K12, Shigella sonnei and two marine bacteria, 
Alteromonas alvinellae and Photobacterium phosphoreum. With the use of 100 
mg/L TiOz and 5.295 mW/cm^ fluorescent lamp irradiation, complete inactivation 
(7-log) was achieved in 120 min PCO reaction for A. alvinellae, while 4-, 4.5- and 
5-log inactivations were attained for E. coli K12, S. sonnei and P. phosphoreum 
respectively during 180 min PCO process. Thus, fluorescent lamp-driven PCO is 
believed to be a feasible approach for indoor disinfection which bears advantages of 
being safe, more readily available and economical over conventional UV irradiation. 
Results showed that A. alvinellae and P. phosphoreum which exhibited highest and 
lowest susceptibility towards PCO were related to the proportion of unsaturated fatty 
acid, superoxide dismutase (SOD) activity, catalase (CAT) activity, cell wall 
structure, the bacterial cell size. The increased activities of CAT and SOD during 
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PCO revealed that the antioxidative defense system was triggered by the attack 
of •OH from PCO reaction. 
In addition, it was observed that PCO disinfection efficiency could be generally 
enhanced by acidic pH and increasing reaction temperature while growth phases 
demonstrated different effects to the four studied bacteria, probably due to their 
corresponding morphological difference or change in physiological state. 
Along the PCO process, the rapid leakage of potassium ion (K+) which was in line 
with the loss of cell viability confirmed that the outer and cytoplasmic membrane 
was seriously damaged by •OH，contributing to the cell inactivation. In addition, 
mineralization of bacterial cell by PCO was observed by total organic carbon (TOC) 
analysis, proving that PCO was a self-cleaning and safe water disinfection method. 
In addition, the bacterial regrowth study indicated PCO caused irreversible damage 
to bacterial cells and thus would not result in bacterial re-contamination. 
Transmission electron microscopy (TEM) was conducted to study the change in 
bacterial morphology along the PCO process. By exposing to different irradiation 
time; the four studied bacteria exhibit similar cell damages by PCO. The area of the 
electron translucent regions was increased with time. When complete inactivation 
was achieved, the cell structure was collapsed and fragmented followed by the 
rupture of cell wall. TEM results agreed with previous findings that •OH from PCO 
would first attack the cytoplasmic membrane by lipid peroxidation, causing leakage 
and breakdown of cytoplasmic components, followed by the damage of cell wall and 
ultimately led to total bacterial disintegration. 
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Finally, the inactivation efficiencies of chlorination and UV-C irradiation on the four 
selected bacteria were performed. Results found that both chlorination and UV-C 
irradiation could completely inactivate the targeted bacteria in a more rapid rate than 
PCO process. From the TEM images, PCO and chlorination demonstrated similar 
structural damages. It was supposed that the principal inactivation mechanism was 
based on the oxidative attack from highly reactive and oxidative radicals. In contrast, 
TEM findings did not show any observable morphological changes along UV-C 
process, it was believed that killing action of UV-C was based on damage of genetic 
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1. Introduction 
1.1 Water crisis and water disinfection 
Water is vital to sustain life. An adequate, safe and accessible water supply can 
bring benefits to human health and environment. Unfortunately, the lack of 
improved water supply, sanitation and hygiene has been attributed to the water crisis 
that is being experienced by human beings, particularly in the third world this 
century (Lonnen et al., 2005). For instance, it was estimated 6 million people, 
mostly the children under the age of five, are blind from trachoma (World Health 
Organization (WHO)/United Nations Children's Fund (UNICEF)AVater Supply and 
Sanitation Collaborative Council (WSSCC), 2000). Besides, approximately 20% of 
the global population, mostly in the Asia, Africa, Latin America and Caribbean, is in 
need of clean water supplies and 40% requires resources for sanitation, which 
consequently causes two million deaths worldwide every year (WHO, 2004b). 
Contaminated water can be the source of disease outbreaks like typhoid fever, 
cholera, dysentery and cryptosporidiosis; common water-related pathogens include 
pathogenic species in the genera of Escherichia, Shigella, Salmonella, 
Cryptosporidium, Legionella and Campylobacter (Centers for Disease Control and 
Prevention (CDC), 2005). Besides, increasing identification of new emerging 
water-transmitted pathogens are recorded, examples include Helicobacter pylori, 
Vibrio cholerae 0139 (United Nations (UN), 1999; WHO, 2003). People who are in 
contact with the water contamination would demonstrate adverse effects from mild 
gastroenteritis to severe or fatal hepatitis, diarrhoea, dysentery and typhoid fever 
(CDC, 2005). 
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It is clear that the unimproved water supply and sanitation measures have put a 
major threat to the worldwide morbidity and mortality (WHO, 2003). Therefore, the 
development of low-cost, effective and practical water disinfection measures are 
essential to protect the human health and the environment (Villen, et ai, 2006). 
1.2 Common disinfection methods 
To improve the water quality and reduce waterborne infectious disease risks, various 
physical and chemical water treatment technologies have been described. Physical 
methods include boiling, heating, sedimentation, filtrations, UV radiation in sunlight 
or artificial lamps, while examples of chemical methods include 
coagulation-flocculation and precipitation, adsorption, ion exchange and chemical 
disinfectants e.g. chlorination, ozonation. 
The following section will focus on chlorination, ozonation, UV irradiation, solar 
disinfection (SODIS) and heating, followed by a brief introduction of some latest 
disinfection methods 
1.2.1 Chlorination 
Chlorination is a well accepted and widely used measure for controlling water borne 
infectious diseases for more than a century (Gopal et aL, 2007). According to the 
1995 Community Water System Survey, majority of surface water and ground water 
systems in United States adopt chlorine for disinfection (United States 
Environmental Protection Agency (USEPA), 1999). 
Chlorine for disinfection can be in the form of chlorine gas, sodium hypochlorite or 
calcium hypochlorite. Once they dissolved in water, hypochlorous acid (HOCl) and 
2 
hypochlorite ion (OCT) will be produced which serve as effective disinfectants for 
disinfection (Department of Environment and Labour, Government of 
Newfoundland and Labrador, 2001). 
Chlorination can result in oxidation of strcutural and functional proteins, lipids and 
carbohydrates on membrane surface or in intracellular compartment due to its high 
oxidizing power, causing disruption of cell wall and membrane, as well as the 
leakage through the membrane (McDonnell, 2007). Besides, it can lower or even 
completely inhibit DNA synthesis for microbes. Even low concentrations have an 
adverse effect on activities of metabolic enzymes and the membrane-associated 
enzyme, thus impair cell respiration, transport and DNA activity (Hass and 
Engelbrecht, 1980). At a low chlorine concentration ( � 3 mg/L active chlorine), 
growth of Escherichia coli was inhibited within 5 min with nearly complete 
inhibition of DNA synthesis but only partial inhibition of protein synthesis and no 
obvious membrane disruption, implying intercellular DNA synthesis is a sensitive 
target at a low concentration of chlorine (McDonnell, 2007). 
Chlorine and its compounds have several attractive features accounting for its wide 
use in the water treatment process. Firstly, it is extremely effective in inactivating 
bacteria and viruses which are commonly found in water, e.g. Escherichia, 
Psuedomonas, Salmonella, reovirus, poliovirus etc. Besides, it provides residual 
effect for continual disinfection after the treated water enters the distribution system. 
Thirdly, it is cost effective and can be used for taste and odour control, bleaching 
certain organic colours and preventing algal growth (White, 1992; USEPA, 1999). 
However, chlorine can react with natural organic matter (NOM) in water to generate 
certain disinfection by-products (DBFs) such as trihalomethanes (THM), haloacetic 
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acids (HAA) and haloacetonitriles (HANs) which are classed as probable human 
carcinogen and mutagen (Watts et al., 1995; Sadiqa et al., 2004; Hua and Reckhowa, 
2007). Moreover, higher dose is usually needed for mycobacteria, fungi, protozoan, 
cyst and bacterial spores (USEPA, 1999). 
1.2.2 Ozonation 
Ozonation is another commonly used technique towards coliform and virus 
inactivation in wastewater treatment since the 1970s (Wert et al., 2007). It was 
adopted by USEPA for meeting the regulation of the inactivation of viruses, 
Cryptosporidium and Giardia in drinking water treatment (USEPA, 1991，2003). In 
addition to its high effectiveness of microbial disinfection, ozonation showed its 
ability to oxidize endocrine disrupting chemicals (EDCs) and pharmaceuticals in 
both drinking water and wastewater (Zwiener and Frimmel, 2000; Huber et al, 2003, 
2005; Snyder et al” 2006) as well as for removal of taste, odour and colour of 
compounds. However, ozonation will lead to the formation of organic DBFs such as 
assimilable organic carbon (AOC), aldehydes, carboxylic acids and ketones in the 
presence of dissolved organic matter (Richardson et al., 1999; Huang et al, 2005). 
Organic DBFs are highly biodegradable which result in bacterial regrowth in water 
distribution systems (D^browska et al” 2003). While in the presence of bromide ion 
(Br'), inorganic DBFs like bromate will be generated (Haag and Hoigne, 1983; 
WHO, 2004a) which is classified as a probable human carcinogen (USEPA, 2001b). 
Besides ozonation requires high consumption of energy and expensive equipment 
which makes it less economical and practical for water treatment in the 
less-developing regions. (Metcalf, 2005; Sichel et al., 2007). 
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Ozonation is a kind of advanced oxidation processes (AOPs) which based on the 
generation of hydroxyl radicals ( 'OH) and ozone (O3) itself for oxidizing the 
microbial cells. Bacterial inactivation by ozonation was achieved by the oxidation of 
cell membrane and cell wall and disrupting the enzymatic activity by acting on the 
sulfhydryl groups of certain metabolic enzymes. Ozone may also act on the nuclear 
material within the cell (USEPA, 1999). 
Ozone is a powerful oxidant, second only to the •OH，thus it is more effective and 
powerful than other disinfectant such as chlorine (CI2) and chlorine dioxide (CIO2). 
However, it is unstable and readily decomposes to oxygen atom and oxygen 
molecule, so it cannot serve as a secondary disinfectant to maintain a residual effect 
in the distribution system (WHO, 2004b). As a result, mixed disinfectants with O3 is 
widely employed to give residual effect and enhance inactivation effectiveness e.g. 
03/ultrasonic irradiation, O3/CI, O3/UV, O3/H2O2，UV/O3/H2O2 (He et al., 2008). 
However, this would increase the complexity and the cost of operation. 
Besides, ozonation is usually coupled with other disinfectants like chlorine (CI2), 
chlorine dioxide (CIO2), or chloramines (NH2CI) followed by biologically active 
filtration process such as fluidized bed and granular activated carbon to enhance the 
removal of biodegradable organic matter, thus minimizing the formation of organic 
DBFs and bacterial regrowth (Li et al., 2006). 
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1.2.3 Ultraviolet-C (UV-C) irradiation 
UV radiation composed of electromagnetic spectrum ranged from 100 to 400 nm. It 
can be further divided into UV-A (315-400 nm), UV-B (280-315 nm), UV-C 
(200-280 nm) and Vacuum UV (100-200 nm). To achieve strongest germicidal 
effect, low pressure mercury lamps that emit maximum wavelength at 254 nm 
(UV-C) are usually employed (USEPA, 1996). 
UV-C photolysis exerts it bactericidal effect by damaging the bacterial 
deoxyribonucleic acid (DNA) and ribonucleic acids (RNA), which particularly 
absorbs wavelength ranged from 245 and 285 nm (with highest absorption at 254 
nm) (Jagger, 1967; Wolfe, 1990). Therefore, the absorption of UV would result in 
the dimerization of pyrimidine molecules and gene mutation, which in turn impairs 
DNA replication, protein synthesis and reproduction, thus causes cell death (Snider 
et al, 1991) 
UV radiation can inactivate vegetative and spore forming bacteria, viruses, and other 
pathogenic microorganisms. It is a powerful disinfection measure as disinfection can 
be accomplished in the order of seconds (Sobotka, 1993). Also since no additional 
chemicals are required for UV radiation, formation of harmful DBFs such as 
trihalomethanes (THMs), haloacetic acids (HAA) and aldehydes is minimized 
(Yamagiwa et al.’ 2002). Yet, there are several disadvantages for using UV radiation. 
Firstly, UV-C radiation is mutagenic and carcinogenic which would cause skin 
cancer and blindness on human (Parsons, 2004). Besides owing to its weak 
penetration power, disinfection can only be achieved when exposing the 
contaminated area directly under irradiation (Kiihn et ai, 2003). Moreover, it needs 
to couple with secondary disinfectants to prevent bacterial re-contamination in water 
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treatment; Furthermore, it requires high consumption of energy which makes it 
costly for disinfection. Besides, the inactivation effectiveness relied on the quality 
and components of water which exerts different shielding effect of UV towards 
microorganism, e.g. colour, turbidity, the composition of dissolved organics and 
inorganics in water (USEPA, 1999). Lastly, since some microorganisms are capable 
of repairing damaged DNA when they exposed to near UV and visible light region, 
exposure of the disinfected water to sunlight following disinfection should be 
avoided to prevent microorganisms from undergoing photo-reactivation process 
(USEPA, 1999). 
1.2.4 Solar disinfection (SODIS) 
Solar disinfection is a recommended household drinking water treatment in regions 
where sunlight is abundant and the access to power supply is limited 
(WHO/UNICEF, 2005). The application of SODIS helps improve the water quality 
in rural areas as it cuts the transmission route for water-transmitted diseases such as 
diarrhea, thus reduces the water-related illness or death (WHO/UNICEF, 2005). 
Solar irradiation is proven to be successful in inactivating a wide range of enteric 
pathogens e.g. oocysts of Cryptosporidium, cysts of Giardia fMcGuigan et al, 
2006), Escherichia coli (Kehoe et al., 2001b), Vibrio cholerae (Conroy et al” 2001; 
Kehoe et a!., 2004), Salmonella typhimurium (Smith et al, 2000), Shigella 
dysenteriae type I (Kehoe et al., 2004), Candida albicans and Acanthamoeba 
polyphaga (Lonnen et al” 2005). Owing to its sustainability, simplicity, low cost 
and absence of toxic DBFs, SODIS is regarded as one of the popular household 
disinfection methods nowadays. 
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SODIS required transparent containers and comparatively longer irradiation than 
chlorination or UV radiation for effective pathogenic inactivation (Acra et al, 1984; 
Wegelin et al, 1994). Moreover, the efficiency of SODIS is influenced by several 
factors e.g. water turbidity, availability and intensity of sunlight; especially in rainy 
or cloudy days, and the possibility of bacterial regrowth after solar treatment due to 
the photo reactivation process acquired by microorganisms (Bemey et al., 2006b). 
The inactivation mechanism of SODIS is based on the synergistic effect of UV 
radiation from solar light as well as the thermal effect of temperature ranged from 40 
to 45°C. (McGuigan et al., 1998; Gelover et al., 2006). It was suggested that 
broad-spectrum UV-A involved in the generation of highly reactive oxygen species 
(ROS) in the presence of oxygen in water, which could attack the bacterial cells, 
resulting in bacterial inactivation, while UV-B and -C could block the electron 
transport chain, interferes with metabolic energy production and increases 
membrane permeability (Koch et al., 1976; Jagger, 1981; Bemey et al., 2006a). 
Furthermore, it can directly inhibit certain metabolic enzymes e.g. catalase 
(Eisenstark, 1998). At the same time, the presence of photosensitizers (e.g. humic 
substances) under sunlight might trigger the generation of highly reactive oxygen 
species such as hydrogen peroxide and superoxides which damage nucleic acids, 
proteins or vital cell structures (Jagger, 1985; Whitelam and Codd, 1986; 
Eisenstark, 1989), thus contributing to its disinfection effect. 
Owing to the fact that the efficiency of SODIS depends on the seasonal and daily 
variation in sunlight intensity, water volume as well as the length of treatment time 
(Salih, 2002; Villen et al., 2006), SODIS coupled with photocatalysts e.g. TiOz, 
which is known as solar photocatalyst disinfection (SPC-DIS), has been recently 
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adopted. SPC-DIS reduces the light exposure time for inducing disinfection and 
promotes the generation of highly oxidative species i.e. 'OH, thus accelerating the 
disinfection efficiency towards pathogens (Mutsunaga et al” 1985, 1988; Melian et 
aL, 2000; Salih, 2002). 
1.2.5 Mixed disinfectants 
Mixed disinfectants such as O3/H2O2, O3/CI, UV/O3/H2O2, O3/CIO/CI are widely 
employed. This technique not only enhances inactivation effectiveness towards a 
broad range of pathogens, but also minimizes the production of hazardous DBFs and 
provides residual effect in water distribution system (Cho et al., 2003; He et al” 
2008) 
The enhancement effect for combined disinfectants is based on the synergistic effect 
of individual disinfectants which exert their own specific reactivity toward cell 
structure materials, while the secondary disinfectant exerts residual effect and 
permeates through disrupted cell wall at a faster rate (Corona-Vasquez et al” 2002). 
It is also reported that the reaction intermediates might provide additional 
synergistic effects (Son et al., 2005), thus making combined disinfectants a sounding 
means for disinfection. Nevertheless, the availability of mixed disinfectants or other 
media may pose additional expenses and difficulty and complexity for the system 
set-up. 
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1.2.6 Other disinfection methods 
Boiling or heating of water has been used for household disinfection since ancient 
times. Boiling of water to 100°C for 1 to 5 min is effective in destroying all classes 
of waterbome pathogens including viruses, bacterial spores, fungi, protozoans and 
helminth ova; On the other hand, heating to pasteurization temperatures at 55°C for 
several hours has been reported to dramatically reduce non-spore forming bacteria, 
viruses and protozoans Cryptosporidium parvum, Giardia lamblia and Entamoeba 
histolytica (Feachem et al” 1983; Sobsey and Leland, 2001). However, this method 
requires high fuel consumption which limits its use in less-favored regions. 
Reverse osmosis (RO) is regarded as a cost-effective technology for attaining 
excellent water quality with high reliability. Due to its absence of bacterial regrowth 
and residual toxicity, RO technology has gained its popularity in the wastewater and 
drinking water treatment. But, its efficiency is highly affected by the wastewater 
quality e.g. the presence of impurities or fouling of bacteria (Sun et al., 2003). 
A single or combination of physicochemical process(es) like adsorption 
coagulation-flocculation, filtration, sedimentation, ion exchange process have been 
proven to contribute to the microbial reductions from water. However these methods 
only serve for separation purposes which require additional cost for further 
decontamination and disposal process (Ami et al, 1986; Sun et al” 2003). Besides, 
the specificity and adsorption ability for certain types of pathogens and microbes 
have still not yet confirmed (WHO, 2002). 
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1.3 Advanced oxidation processes (AOPs) 
In recent years, advanced oxidation processes (AOPs) have been extensively utilized 
for the decomposition of hazardous or recalcitrant pollutants in the environment. 
AOPs involves the generation of powerful reactive oxygen species (ROS) such as 
hydroxyl radicals (•OH), superoxide anion radicals(*02"), hydrogen peroxide (H2O2), 
perhydroxyl radicals (HOO). Due to the highly oxidative and non-selective nature, 
AOPs are effective for the removal of organic, inorganic and microbial pollutants 
(Sichel et al., 2007). 
Free radicals are clusters of atoms having an unpaired electron in its outermost shell, 
rendering it to be highly unstable and reactive in nature. Table 1.1 showed the 
oxidation potential of common ROS. Hydroxyl radicals (•OH) has the oxidation 
potential of 2.80 V which are second highest after fluorine (3.03V), thus it is more 
powerful than chlorine, ozone and chlorine dioxide. 
•OH radicals are the most common and potent oxidative species generated through 
the direct photolysis of hydrogen peroxide (H2O2) (Stefan, 2004): 
HO:OH H0« + 'OH (Equation 1.1) 
Apart from the formation of •OH, other ROS are also generated in the PCO 
disinfection. For instance, the reduction of oxygen molecule by accepting an 
electron will form •O2', which will be protonated to form H O O in more acidic 
condition. (Farr and Kogoma, 1991). 
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Examples of AOPs include photocatalytic oxidation (PCO), Fenton's reagent 
(Fe2+/H202)，Photo-Fenton's reagent (UV-VIS/Fe^VHzOz), ferrate (FeCV')， 
ultrasound, ionizing radiation, UV, UV/H2O2, UV/ H2O2/O3, Os/perovskite, H2O2/O3 
(Stefan, 2004; Rivas et ai, 2008). 
Table 1.1 Oxidation potential of common oxidative species (Stefan, 2004) 
Species Oxidation 
potential 
( V ) 
Fluorine (F") 3.03 
Hydroxyl radical (.OH) 2.80 
Atomic oxygen 2.42 
Ozone(03) 2.07 
Hydrogen peroxide (H2O2) 1.78 
Perhydroxyl radical (.OOH) 1.70 
Permanganate (MnCV) 1.68 
Hypobromous acids (HOBr) 1.59 
Chlorine dioxide ( a 0 2 ) 1.57 
Hypochlorous acid (HOCl) 1.49 
Chlorine (CI2) 1.36 
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1.4 Photocatalytic oxidation (PCO) 
Photocatalytic oxidation (PCO) was first reported to successfully inactivate E. coli 
by Matsunaga and coworkers (Matsunaga et al., 1985). Since then, PCO was under 
extensive studies and proven to be a cost-effective, safe and promising alternative 
for water purification process (Awate et al., 2005). 
Heterogeneous PCO is defined as the acceleration of photoreaction in the presence 
of a catalyst. It is a photoinduced AOP which based on the generation of a powerful 
oxidizing species, commonly hydroxyl radicals (.OH) under UV light to destroy the 
bacterial cells (Bekbolet and Araz, 1996). 
•OH radicals are about one thousands to possible ten thousands time more effective 
than chlorine and chlorine dioxide (Cho et al., 2004). Due to its highly oxidative and 
reactive nature, it oxidizes the polyunsaturated phospholipids component of cell 
membrane and damages the microbial structure (Maness et al., 1999; Huang et al., 
2000). PCO was proven to be effective in inactivating a variety of microorganisms 
including bacteria, viruses, algae, fungi and bacterial spores (Matsunaga et al, 1985; 
Kiihn et al, 2003; Seven et al, 2004) as well as the removal of organic and 
inorganic pollutants (Dunlop et al” 2002). Detailed examples are shown in Table 1.2 
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Table 1.2 Examples of inactivation of microorganism, removal and degradation of 
organic and inorganic pollutants by PCO. 
Species References 
Bacteria Lactobacillus acidophilus Mills and LeHunte, 1997 
Escherichia coli 
Streptococcus mutans, 
Saccharomyces cerevisiae Matsunaga et al., 1985 
Bacillus subtilis Blake et al., 1999 
Salmonella typhimurium 
Staphyloccus aureus 
Legionella pheumonia Cheng et al., 2007 
Actinomyces viscosus Nagame et al., 1989 
Pseudomonas aeruginosa Amezaga-Madrid et al., 2002 
Vibrio parahaemolyticus Chawengkijwanich and Hayata, 2008 
Virus poliovirus 1 Watts et al., 1994; 
Lactobacillus phage PL-1, Mills and LeHunte, 1997; 
Phage QP & phage MS-2 Blake et al.’ 1999 
Algae Microcystin toxins, Shephard et al., 2002 
Chlorella vulgaris 
Protozoan Acanthameoba polyphaga Lonnen et al., 2005 
Fungi Aspergillius niger Seven et al., 2004; 
Candida albicans IFO 1060 TTagame et al, 1989 
Bacterial Clostridium perfringens Kiihn et al., 2003 
spores 
Inorganics Cyanide, thiocyanate, Blake et al, 2001; 
ammonia, nitrates, nitrites, Ollis et al., 2001 
bromate, chlorate, halide ions 
Organics Bbromoform，ethylene Bekbolet and Ozkosemen, 1996; 
dibromide, S-triazine, DDT & Ollis et al” 2001 
humic acid 
Trace Mercury (Hg), chromium (Cr), Mills et al., 1996; 
metals lead (Pb), gold (Au), Blake et al., 2001 
removal platinum (Pt) & sliver (Ag) 
Others Mammalian tumor cells Mills and Le Hunte, 1997 
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PCO bears several advantages over other conventional disinfections. First, PCO is a 
safe water treatment option as it can completely mineralize the organic compounds 
into CO2，H2O or other harmless inorganic acids byproducts (Jacoby et al., 1998; 
Kiihn et al” 2003; Al-Rasheed, R.A. 2005). Thus, the formation of harmful DBFs is 
minimized (Liao et al., 2001; Carp et al., 2004; Sichel et al” 2007， 
Chawengkijwanich and Hayata 2008). Second, the photocatalyst itself is unchanged 
during the process and no additional consumable chemicals are involved. Therefore, 
PCO is regarded as a simple and low cost water disinfection alternative. Third, PCO 
is effective at very low concentration of contaminants due to the strong attraction of 
contaminants and photocatalyst surface. All these advantages thus contribute to its 
popularity for the water treatment process (Al-Rasheed, 2005). 
1.4.1 Understanding of PCO process 
PCO utilizes the semiconducting photocatalyst, typically titanium dioxide (Ti02) 
and appropriate light sources such as near ultraviolet (UV) irradiation Q^  < 385 nm) 
to initiate the reaction. In the following session, T i O � coupled with UV was used as 
an example to illustrate the basic mechanism of PCO process. 
Upon the shining of UV irradiation (k < 385 nm) on the T i O � photocatalyst, since 
the energy from UV irradiation is higher than that of the band gap energy for the 
photocatalyst, i.e. 3.2 eV for TiO]，electrons in T i O � will be photoexcited from the 
valence band to the conduction band and generate the charge carriers (electron-hole 
pair, e'cB and h + v B ) on the TiOz surface (Saito et al., 1992; Hoffmann et cd., 1995; 
Maness et al., 1999; Kim et al., 2003): 
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Ti02 + UV(?i< 385 nm ) TiOz (e"CB + h+ VB) (Equation 1.2) 
In the conduction band, oxygen molecules play an important role as it can trap the 
excited electron, thus prevent it from recombining with the positive hole. At the 
same time, the excited electrons that react with oxygen will form superoxide anion 
(•O2') which will then react with the hydrogen ions and electrons to form 
perhydroxyl radicals ( H O O ) or hydrogen peroxide (H2O2). Through a series of 
chemical reactions, H2O2 will then further react to finally form oxidizing hydroxyl 
radicals (i.e. -OH) (Hoffmann et al., 1995; Rincon and Pulgarin, 2003): 
Ti02 (CCB) + 0 2 - ^ '02" + Ti02 (Equation 1.3) 
•CV + H+ + H O O (Equation 1.4) 
•02"+ H O O H2O2 + .OH + O2 (Equation 1.5) 
2 H O O — H2O2 + O2 (Equation 1.6) 
丁i02 (e.cB) + H2O2 ->-0H + OH- + Ti02 (Equation 1.7) 
However, due to the unstable nature of the excited electron, certain excited electrons 
could return to the valance band and recombine with the positive hole instead of 
migrating to the TiO: surface for further reaction with oxygen and water molecules 
as shown in Equation 1.3-1.7. This recombination step releases the absorbed light 
energy as heat (Hoffmann et cd., 1995; Carp et al.’ 2007). 
While in the valance band, the positive holes from the valance band will react with 
the electron donor like hydroxide ion (0H') and water (H2O) to generate the 
hydroxyl radicals (Rincon and Pulgarin, 2003): 
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Ti02 (h+vB) + OH" — -OH + TiOs (Equation 1.8) 
Ti02 (h+vB) + H2O — -OH + Ti02 + H+ (Equation 1.9) 
Through a series of charge carriers (electron-hole pairs)-mediated reactions with 
water, oxygen molecules and hydroxide ion on TiO� surface, reactive oxygen 
species such as hydroxyl radical (.OH)，superoxide anion (.(V), hydrogen peroxide 
(H2O2), perhydroxyl radicals (HOO) will be generated which are highly oxidizing 
and toxic towards microorganism (Cik et aL, 2006). A schematic diagram showing 
the mechanism of PCO with TiO� coupled with UV irradiation {X< 385 nm) is 
shown in Fig. 1.1. Cho et al. (2004) have proved the important role of -OH on 
disinfection efficiency by drawing a linear correlation of the •OH concentration and 
the inactivation efficiency E. coli under photocatalysis. 
UV irradiation + 
TiOz + UV(X< 385nm Ti02(e-+ h+) 
D ^ D ^ ^ H H2O2 
H2O/OH-
Fig. 1.1 A schematic diagram showing the mechanism of PCO with TiO� coupled 
with UV irradiation {X< 385 nm) (Halmann, 1996). 
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PCO is a non-selective process; it has no significant selectivity in attacking cellular 
components, and the power of oxidative damages depend on the location of TiO: 
particles as well as the migration distance of ROS (Huang et al” 2000). Bacterial 
cell is the primary target only when TiO: are in direct contact with or close to the 
microbes. According to Slater (1976), the activities of free radicals are under 
diffusion control, i.e. the more reactive the free radical is, the shorter the distance it 
can diffuse to, • OH radicals have a diffusion radius from its locus of formation to 2 
nm. Since • OH is highly reactive and has a short half-life, it reacts rapidly with 
everything which it closely surrounds before reaching the specific target locus, thus 
making it less specific and damaging unless it is adsorbed on microbial surface. But 
this restriction can be offset by the presences of other relatively less reactive oxygen 
species, such as • O2", H2O2, which are more "selective" in their interaction with 
biomolecules, for instance, H2O2 though is the least reactive species, it is more 
diffusible crossed plasma membrane in bacteria than that of the more reactive 
species like • OH and • O2" (Quintanilha, 1988). This emphasized the importance of 
all ROS formed during the PCO process. 
1.4.2 Proposed disinfection mechanism of PCO 
Since the late century, the use of photosemiconductor for bacterial sterilization 
was first advocated by the Matsunaga and coworkers (Matsunaga et al., 1985). The 
first proposed mechanism for PCO is related to the dimerization of intracellular 
coenzyme A (CoA). Mutsunaga et al. (1985, 1988) have determined the levels of 
CoA and dimeric CoA during the course of continuous sterilization composed of 
Ti02-immbolizated membrane, a linear relationship of dimeric CoA level and cell 
viability was drawn. It was suggested the electron transport in respiration process 
was mediated by the intracellular coenzyme A (CoA). During oxidative attack, the 
18 
hole in the valence band received electrons from intracellular coenzyme A leading to 
the formation of dimeric CoA, resulting in the inhibition of the respiration activity 
that caused cell death. Later similar results were observed using Streptococcus rattus, 
Actinomyces viscosus and Candida albicans (Nagame et al” 1989). 
Later Bekbolet and Araz (1995) have addressed the role of hydroxyl radicals on the 
photocatalytic inactivation of E, coli., while Saito and co-workers (1992) accounted 
the complete destruction of mutans Streptococci by photocatalytic oxidation for the 
lipid peroxidation of polyunsaturated phospholipids components, resulting in the 
significant disorder in permeability of cell membranes, followed by rapid leakage of 
potassium ion (K+)，and slow leakage protein and RNA. Moreover, the photographs 
of transmission electron microscopy (TEM) revealed that the cell wall destruction is 
a secondary phenomenon of PCO followed by oxidative damage of cytoplasmic 
membrane. 
Afterwards, Sunada et al. (1998) has reported the destruction of the endotoxin on the 
outer membrane during the photocatalytic disinfection of E. coli, showing direct 
evidence on the damage of outer membrane by PCO process. 
While the relationship between the thickness and complexity of cell wall and the 
extend of killing was published (Matsunaga et al” 1985, 1988), previous studies by 
Maness et al (1999) and coworkers have used E. coli K12 to study the respiration 
activity by TTC reduction and cell membrane damage by lipid peroxidation using 
malondialdehyde (MDA). Results suggested that the lipid peroxidation on cell 
membrane was the root cause for the bactericidal effect, followed by the lost of 
respiratory activity, and results in cell death. 
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In the studies of Huang et al. (2000)，o-nitrophenol P-D-galactopyranoside (ONPG) 
and E. coli were used to illustrate the stepwise damages on cellular sites and their 
contribution to cell death along photocatalysis. Results outlined the outer membrane 
and petidoglycan layer on cell wall as the initial attack site. Owing to the presence of 
repair mechanism in favorable condition, no viability loss was observed under cell 
wall damage alone. But later the oxidative damage extended progressively to the 
cytoplasmic membrane and altered the membrane permeability severely. This leaded 
to a significant efflux of intracellular component such as enzymes and DNA, which 
further facilitated the oxidative damages by • OH. Besides, enzyme activity was 
also inhibited. Therefore the disruption of membrane permeability, together with the 
oxidative damage of other cellular components were detrimental towards 
microorganisms; ultimately resulted in cell death (Dunlop et al., 2002). 
Finally, Sunada et al. (2003) demonstrated the two-step decay dynamics of the 
photoinactivation of intact E. coli cells, in contrast to the single exponential decay 
process for E. coli in spheroplast form (without cell wall). This suggested the 
primary protective role of outer membrane of cell wall. Besides, the atomic force 
microscopy (AFM) showed that during the photocatalytic reaction, outer membrane 
was partial decomposed, followed by the progressive degradation and increased 
permeability of cytoplasmic membrane, resulting in the leakage of essential 
intracellular components as well as the entry of reactive species to the intracellular 
compartments, ultimately leaded to the loss of viability and cell death. 
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1.4.3. Titanium dioxide (TiOi) photocatalsyt 
Powdered titanium dioxide, with brand name P25, is manufactureded by Degussa, 
Frankfurt in Germany. It is a photosensitive and semiconductive metal oxide that is 
typically used as a photoocatalyst for PCO. It is in whitish powdered formed as 
shown in Plate 3.1. There are several advantages for using Ti02 as a photocatalyst. 
Firstly, it is easily available and can be reusable (Saito et al., 1992; Hu et al, 2001; 
So et al. 2002). Secondly, it is non-toxic; chemically stable (Hu et al, 2001). 
Thirdly, it exerts strong photocatalytic activity, thus it can reduce the light exposure 
time needed to induce the disinfection (Matsunaga, et al” 1985; Salih, 2002). 
Besides, when compared with other disinfection methods such as chlorination, 
ozonation, minimal production of disinfection byproducts can be achieved (Watts et 
al” 1995). 
P25 is constituted of 70% anatase and 30% rutile (Dunlop et al, 2002). Its BET 
surface area is of 50 m^/g which yields a high catalyst surface area to volume ratio 
for microbial-hydroxyl radical interaction (Dunlop et al., 2002; Rincon and Pulgarin, 
2004b). P25 powder has a relatively small particle size of 30 nm (Bekbolet and Araz, 
1996; Fu et al., 2005) and has the isoelectric point (point of zero charge) of 6.5 
(Rincon and Pulgarin, 2004a). Moreover, TiO: has a band gap energy of 3.2 eV, 
thus it only absorb wavelength in the near-UV region (}i<385 nm) for the generation 
of electron-hole pair (Manness et al” 1999; Gelover et al., 2006). Since UV light 
only constitutes 3-5 % of the total solar energy, the additional use of the artificial 
UV source may bring the photo-degradation process to a high cost. Therefore, 
fluorescent light with majority of light emitted in visible spectrum was proposed as 
an alternative to study its feasibility for bacterial disinfection by PCO reaction. 
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1.4.4 Irradiation sources 
The type of irradiation source is a dominant factor affecting the reactor design and 
the disinfection efficiency (Parson, 2004). The two most popular artificial light 
sources for disinfection are UV fluorescent light tubes and black light UV tubes, the 
former has no phosphor coatings on the tube's wall, when an electrical discharge is 
passed through the low-pressure vapor of mercury in a vacuum tube, it emits 
maximum wavelength at 254 nm which achieved high germicidal effect. The latter 
is similar to the UV fluorescent light tubes except with the presence of a black-blue 
phosphor coating on the tube's wall, so it emits light with maximum output at 365 
nm which is UV-A light. Since UV-C light is dangerous and could cause skin cancer 
or blindness (Parson, 2004), while UV-A light poses less risk to biological system 
than UV-C light, UV-A light was commonly used as the irradiation source in PCO. 
Although these two light sources could emit high energy irradiation which was 
effective for bacterial disinfection, they are costly, less easily available and 
hazardous, besides it requires higher energy consumption, so it is less applicable in 
places where access to energy is limited. As a result, in the present study, the use of 
fluorescent irradiation emitted from fluorescent lamps was adopted. Fluorescent 
lamps are commonly used for indoor household lighting which emit majority (over 
99.6%) of light from visible light region and trace amounts (nearly 0.4%) of UV-A 
and UV-B which were sufficient for inactivation of bacteria (Harm, 1980; Pal et al., 
2007). The effectiveness of PCO using fluorescent light to inactivate E. coli K-12, 
Pseudomonas fluorescens, Paenibacillus sp. SAFN-007 was demonstrated (Pal et al., 
2007). Since florescent lamp is a cheaper, safer, more easily available and 
environmentally friendly option over UV irradiation. This light source coupled with 
PCO was studied to see its feasibility of application. 
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1.4.5 Bacterial species 
1.4.5.1 Escherichia coli K12 (Scheutz and Strockbine, 2005) 
Genus Escherichiae belong to the family Enterobacteriaceae which are aerobic and 
facultative anaerobic Gram-negative bacteria usually occurring singly or in pairs. 
They are motile by peritrichous flagella or nonmotile and can survive over the 
temperature range of 15-45°C with normal growth temperature between 21-37°C. E. 
coli K12 is a straight cylindrical rod with rounded ends of size 1.1-1,5 |xm (diameter) 
X 2.0-6.0 [im (length); it is a neutrophilic species that can grow from pH 5.0-9.0. 
Colonies grows on nutrient agar as convex, glistening, moist and pale gray colonies 
with size 1-2 mm diameter) with a round edge (Plate 1.1). Plate 1.2 shows the 
ultrathin section of E. coli K12 by Transmission Electron Microscopy (TEM). 
E. coli K12 naturally occurs in the lower intestinal region of warm blooded animal. 
Most E. coli strains are nonpathogenic but with the presence of certain specific 
virulence factors, their serotypes can be pathogenic or opportunistic pathogenic 
leading to certain intestinal or extraintestinal diseases. Examples include 
diarrheogenic E. co" 0145 and 0157 (Scheutz and Strockbine, 2005). 
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Plate 1.1 Colonies appearance of Plate 1.2 TEM image ofE. coli K12 
coliK12 
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1.4.5.2 Shigella sonnet (Strockbine and Maurnelli, 2005) 
S. sonnei is a straight cylindrical rod with rounded ends of size 0.7-1.0 |im (diameter) 
X 1.0-3.0 |Lim (long) which belongs to the family Enterobacteriaceae. It is an aerobic 
and facultative anaerobic Gram-negative bacterium which is non spore-forming and 
non motile. S. sonnei belongs to the subgroup D in Shigellae. Its optimal growth 
temperature is 37°C and they generally grow less rapidly than other member in 
family Enterobacteriaceae (Gordon and Small, 1993). 
Shigellae are pathogens of human and other subhuman primates where they usually 
inhabit the intestinal tract. Shigellosis (bacillary dysentery) can be transmitted 
through fecal oral route or from contaminated food or water. An approximate of 165 
million cases of shigellosis was reported annually throughout the world (Kotloff et 
al, 1999). Infection usually begins with watery diarrhoae, characteristic dysentery 
symptoms, bloody and mucoid stool (Strockbine and Maurnelli, 2005). Among the 
Shigella species, S. sonnei is the least pathogenic species. Colonies on nutrient agar 
grow as convex, smooth, glistening, moist and yellow with size 2-3 mm diameter 
(Plate 1.3). TEM images of S. sonnei is shown in Plate 1.4 
m^mm 
�ii�f,.'il338B9HIHBIIHHB^» ^JHnHHHSk “-:：&〜:......vBHBBBinMMimJ 
Plate 1.3 Colonies appearance of Plate 1.4 TEM image of S. sonnei 
S. sonnei 
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1.4.5.3 Alteromonas alvinellae (Bowman and McMeekin, 2005) 
Based on the limited information on A. alvinellae, the below descriptive information 
is based on the genus Alteromonas and species Alteromonas macleodii which are the 
only validly published genus and species at present. 
A. alvinellae is s a straight rod with size 1 |a,m (diameter) x 2.0-3.0 \im (length), 
occurring singly or in pairs. It is a Gram-negative marine bacterium which belongs 
to the family Alteromonacaceae. It is non spore-forming and requires sodium ion 
(Na+) for growth. It grows between 10-40°C but no growth below 4 or above 45°C. 
Storage at 15°C is preferred as its survival at 4°C is poor. 
Alteromonas is a common habitant of waters of the Mediterranean Sea (Ortigosa et 
al” 1994) and in subtropical and tropical oceanic regions. Colonies on marine agar 
have size of 1-2 mm diameter and appear as yellow, smooth, circular and convex 
with an entire slightly transparent edge (Plate 1.5). TEM images of A. alvinellae is 
shown in Plate 1.6 
# \ i i ^ 
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Plate 1.5 Colonies appearance of Plate 1.6 TEM image of A. alvinellae 
A. alvinellae 
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1.4.5.4 Photobacterium phosphoreum (Thyssen and Ollivier, 2005) 
P. phosphoreum cells are plump, straight rods with 0.8-1.3 (diameter) x 1.8-2.4 um 
(long). It is a Gram-negative marine bacterium belonging to the family Vibrionaceae. 
It is motile and is a non spore-forming facultative anaerobe which requires sodium 
ion (Na+) for growth. Optimal growth temperature is 18-25°C. 
P. phosphoreum is a psychrotolerant bacterium commonly found in temperate 
aquatic waters or in fish gastrointestinal tract and in specific light organelles in deep 
sea fish (Haygood, 1993). It is also found in estuaries, coastal sediments, and 
aquaculture settings worldwide (Eberhard et al., 1981). It is a bioluminescent 
bacterium emitting blue fluorescent light because of a blue fluorescent protein, 
lumazine (Daubner et al., 1987). P. phosphoreum is the most common spoilage 
bacterium of packed, chilled fish or cod fillets. It grows upon the reduction of 
trimethylamine oxide (TMAO) (a terminal electron acceptor) to trimethylamine 
(TMA), imparting to a spoiled, fishy flavor in the fish product. (Flodgaard, et al., 
2005). Colonies on marine agar have size of 2-3 mm diameter and appear as milky 
yellow, entire, smooth, convex with an irregular edge (Plate 1.7). TEM images of A. 
alvinellae is shown in Plate 1.8 
• ^ ^ • m 「塵. 
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Plate 1.7 Colonies appearance of Plate 1.8 TEM image of P. phosphoreum 
P. phosphoreum 
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1.4.6 Bacterial defense mechanism towards oxidative stress 
Reactive oxygen species (ROS) are produced ubiquitously either i) during aerobic 
respiration by the electron transport chain system, ii) during enzymatic process such 
as those carried out by xanthine oxidase, or iii) as a consequence of environmental 
stress such as the exposure of UV radiation and gamma radiation (Valentine and 
Nick, 1999). Oxidative stress arises when the production of ROS exceeds the 
antioxidative capacity of the cell defense system (Farr and Kogoma, 1991; Guerzoni 
et al., 2001). ROS are usually highly energetic, reactive and oxidizing, thus it is 
capable of damaging cells by peroxidation of polyunsaturated lipids in plasma 
membrane or by oxidation and inactivation of cellular components such as nucleic 
acids and enzymes (Martinez & Kolter，1997; Valentine and Nick, 1999)，thus 
bringing survival threat to the organism. Fortunately, almost all aerobic organisms 
from bacteria to humans are equipped with intricate defense and repair mechanisms 
against oxidative stress for its survival (Farr and Kogoma, 1991). 
In the repair mechanisms, it mainly serves to repair the cellular damaged by ROS. 
Examples include the recA gene which involved in the recombinational repair 
pathway for repairing damaged DNA against H2O2 peroxide stress or the 
excinuclease (A)BC which is responsible in removing the thymine glycols from 
oxidatively damaged DNA (Lin and Sancar 1989). 
In the defense system, it aims to either prevent the formation of ROS or eliminate 
ROS by enzymatic degradation or scavenging. It includes the antioxidant enzymes, 
most commonly superoxide dismutase (SOD), catalase (CAT), and glutathione 
peroxidase or chemical antioxidants such as lipid soluble vitamin E, water soluble 
vitamin C and P-carotene (Farr and Kogoma, 1991). 
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In this study, the two enzymatic antioxidants, SOD and CAT which are ubiquitously 
present in the aerobic microorganisms will be mainly focused. 
1.4.6.1 Superoxide dismutase (SOD) activity 
Superoxide dismutase (SOD) is a kind of metalloenzyme which plays an important 
role in the reduction of superoxide anions by the dismutation of •O2" into hydrogen 
peroxide (H2O2) and oxygen molecule (O2): 
2 -02' + 2H+ -> H2O2 + O2 (Equation 1.10) 
Three forms of SOD isozymes were identified based on the prosthetic metal 
cofactors: Manganese superoxide dismutase (Mn-SOD), Iron superoxide dismutase 
(Fe-SOD) and copper/zinc superoxide dismutase (Cu/Zn-SOD) encoded by sodA, 
sodB, and sodC genes respectively. In addition, nickel- and iron/zinc-containing 
isozymes have been recognized in certain bacteria. It is believed the transition metal 
ligands facilitate the electron transport during the quenching reaction (Bakshi et al, 
2006). 
Fe-SOD is mostly found in prokaryotes, whereas Mn-SOD and Cu/Zn-SOD are 
found in both prokaryotes and eukaryotes. Most bacteria possess Mn-SOD or 
Fe-SOD in their cytoplasm, while CuZn-SOD has been infrequently found in the 
periplasm of pathogenic or endosymbiotic bacteria e.g. Legionella pneumophila, 
Photobacterium leignathi, Haemophilus influenza and Escherichia coli. (Farr and 
Kogoma, 1991; St. John and Steinman, 1996). 
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Mn-SOD or Fe-SOD are responsible for defending oxidative stress from endogenous 
metabolism and protecting DNA from oxidative damage, while the periplasmic 
CuZn-SOD played a critical role for defending against external reactive oxygen, 
especially at stationary phase of growth (St. John and Steinman, 1996). It is 
suggested that different SOD levels possessed by bacterial cells would trigger varied 
antioxidative response induced by photoexcited Ti02 particles, implying its 
important role for protecting microbes from oxidative stress induced by PCO attack. 
1.4.6.1 Catalase (CAT) activity 
Catalases are highly conserved enzymes in cytoplasmic and periplasmic 
compartments in bacteria which involved in catalyzing the disproportionation of 
hydrogen peroxide into molecular oxygen and water (Alyamani et al., 2007): 
2 H2O2 2H2O + O2 (Equation 1.11) 
Each catalase molecule is a tetramer of four identical subunits with a heme-ligand 
domain at the catalytic centre of each monomer (Alyamani et al., 2007). Catalases 
are classified into three distinct groups: two groups comprised of heme catalases 
(true catalase) and one group of nonheme catalase (Loewen et al； 2000). 
The two groups of true catalases which are called monoflinctional and bifuntional 
catalase are found in many bacteria, archaea, plants, fungi, and animals. The former 
one does not possess peroxidase activity and has a broad range of subunit sizes (55 
to 84 kDa) e.g. E. coli HP II (Bravo et al., 1999). While the latter form can exhibit 
both catalase and peroxidase activity and has a subunit size of 80 kDa, a well known 
example is Mycobacterium tuberculosis KatG (Amo et al” 2002). 
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While the nonheme catalase, also referred to as pseudocatalase, is one minor catalase 
group which is characterized only in four bacteria at present, i.e. Lactobacillus 
plantarum, Thermus thermophilus, Thermus sp. YS 8-13, and Thermoleophilum 
album (Kagawa et al., 1999). It has a relatively small subunit size of 28 to 36 kDa 
and is also known as manganese catalases for it utilizes manganese ions instead of 
ferric heme (Amo et cd” 2002). 
Guchte et al. (2002) observed the induction of the transpiration of katA gene 
encoding catalase during oxidative stress, indicating the ROS defending roles of 
catalase. It was noted that both SOD and CAT are essential for defending oxidative 
attack. For instance, without CAT, SOD alone would generate H2O2 which is a self 
reactive species that would further react to form •OH radicals; the combined toxic 
effect from the accumulation of H2O2 and production of •OH would be lethal to the 
bacterial cells. So, in this study, the activities of SOD and CAT will be determined 
and see if there is any correlation between levels and types of antioxidative enzymes 
and corresponding bacterial susceptibility towards PCO reaction. 
1.4.6.3 Fatty acid composition 
Bacteria contain majority of lipids which their basic component is fatty acids as the 
constituents of the membrane system. The cytoplasmic membrane is a bilayer of 
phospholipid made up of 60% of protein while the outer membrane of the 
Gram-negative bacteria composed of 50% lipopolysaccharides, 35% phospholipids 
and 15% lipoproteins (Gottschalk, 1979). 
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It was reported the change in lipid composition by the adjustment of fatty acid 
arrangement enables microorganisms to overcome the environmental fluctuation 
(Guerzoni et al., 2001). For instance, recent researches indicated the degree of 
branching and saturation in fatty acid would alter the fluidity and permeability of 
membrane components, thus changing their response to resist under oxidative stress 
(Guerzoni et al., 2001; Li et al., 2002; Aricha et al” 2004). Cheng and associates 
(2006) also suggested that a higher degree of unsaturation would result in a greater 
chance of lipid peroxidation. Therefore, the composition of fatty acid inside cellular 
lipid in outer and cytoplasmic membrane would constitute to different bacterial 
sensitivity towards oxidative damage. In this present study, the fatty acid profile 
among the four selected bacteria will be studied and compared to determine its role 
against PCO process. 
1.4.7 Significant of the project 
Water disinfection is mostly urged by places where the sanitation and water 
treatment is poor and scarce. Photocatalytic oxidation using semiconductor 
photocatalyst and appropriate light source is regarded as the innovative and 
cost-effective water treatment alternative to solve this problem. 
Though using artificial UV-A irradiation coupled with TiO? showed high 
photocatalytic disinfection, its high operational cost and potential health hazard have 
drawn advocates on the use of other light sources such as the visible light region for 
PCO reaction (So et al” 2002; Lonnen et al., 2005). 
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Moreover, many research groups have focused on UV/Ti02 photocatalysis on 
wastewater bacteria and the effects of operational parameters such as photocatalyst 
concentration, light intensity or chemical composition of water (Liao et al, 2001; 
Rincon and Pulgarin, 2003, 2004a; Cho et al., 2004; Gumy et al., 2006). However, 
only a few attempts have been made to study the effect of the intrinsic factors e.g. 
antioxidative enzymes, the fatty acid profile inside bacteria on the bacterial 
sensitivity towards oxidative attack by PCO process. Also, the detailed inactivation 
mechanism of photocatalytic disinfection towards bacteria has not been fully 
comprehended. 
In addition, the disinfection towards marine bacteria is seldom discussed while there 
is a rising demand for the enhanced water quality in marine habitat. For instance, in 
mariculture operations, water quality is an important factor affecting the 
productivity of fish culture zones, fish ponds and oyster beds as well as controlling 
the impact of red tide on mariculture. Besides, we also depend on the sea for 
recreation like aquariums, indoor fishing ponds and shrimp farms; for seafood 
production (e.g. seafood tanks in restaurants) and for the supply of flushing and 
cooling water (EPD, 2006)，so quality of marine water is also crucial for protecting 
the health of human beings. 
In this project, PCO reactions were performed using T i O � coupled with fluorescent 
lamps towards two freshwater bacteria, E. coli K12 and S. sonnei and two marine 
bacteria, A. alvinellae and P, phosphoreum. All four bacterial strains are 
Gram-negative bacteria so as to compare their response towards PCO process in 
different water habitats in which the structural difference of cell walls is negligible. 
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Fluorescent lamps are commonly used for indoor household lighting which emit 
majority of light from visible light region, but also emit trace amounts of UV-A and 
UV-B which were sufficient for inactivation of bacteria (Harm, 1980; Pal et al,, 
2007). Experiments conducted by Pal et al. (2007) demonstrated the effectiveness of 
PCO using fluorescent light to inactivate E. coli K-12, Pseudomonas fluorescens, 
Paenibacillus ap. SAFN-007. It suggests that the utilization of fluorescent light does 
not only apply practically in an indoor environment, but it can also provide a 
cheaper, safer, more easily available and environmentally friendly option for 
bacterial disinfection by means of UV irradiation. 
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2. Objectives 
In the present study, two freshwater bacteria were isolated from water samples in the 
Shatin Sewage Treatment Works (SSTW) (Hong Kong SAR, China) while two 
marine bacteria were isolated by Hong Kong University of Science and Technology. 
The UV-A resistant test was performed to select UV-A resistance bacteria. The four 
selected bacteria were then further characterized and identified by MIDI Sherlock 
system in our laboratory and 16S rRNA gene sequence analysis in the Hong Kong 
University of Science and Technology. 
The disinfection efficiency of PCO towards the marine and freshwater bacteria using 
Ti02 as the photocatalyst under UV-A and fluorescent lamps were investigated. The 
PCO disinfection ability driven by fluorescent light were also studied and compared 
by varying the physiological and physical factors including the initial pH, reaction 
temperature and growth phases. 
Furthermore, possible reasons for different bacterial sensitivity towards PCO were 
studied. The roles of superoxide dismutase (SOD), catalase (CAT) and the fatty acid 
composition among the four selected bacteria on defending the oxidative attack from 
PCO were investigated. Besides, the induction of SOD and CAT among the selected 
bacteria was inspected under oxidative stress condition to see if these two 
antioxidative enzymes are triggered by PCO reaction. 
To explore the detailed mechanism of PCO process, leakage of potassium ions (K+) 
during the PCO process was determined to see if the bacterial inactivation is in line 
with the leakage of intracellular components. In addition, total organic carbon (TOC) 
analysis was conducted to observe if total bacterial mineralization by PCO occurred 
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In addition, the inactivation efficiencies of PCO under fluorescent light, chlorination 
and UV-C irradiation were examined among the four studied bacteria. Their 
corresponding inactivation mechanisms were illustrated and compared by observing 
the morphological changes during the three disinfection processes by Transmission 
Electron Microscopy (TEM). 
Finally, the bacterial regrowth ability among the four selected bacteria after 
complete inactivation by photocatalytic disinfection was determined to see the 
durability of the treatment and if the oxidative damages induced by PCO was 
reversible. 
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3. Material and methods: 
3.1 Chemicals 
Titanium dioxide, TiO: (P25) (Plate 3.1) purchased from Degussa Corporation 
(Frankfurt, Germany) was used as the semiconductor photocatalyst for all 
experiments. 10,000 mg/L TiOz stock solution was prepared by suspending 10 g of 
Ti02 powder in 1 L Milli-Q® water (Millipore, Bedford, MA, USA) and kept in dark 
at room temperature (25 士 2°C) before use. Nutrient agar (NA) plates were prepared 
for freshwater bacteria by dispersing 28 g nutrient agar (Lab M®, Lancashire, UK) 
into 1 L Milli-Q® water, whereas additional 30 g artificial sea salt purchased from 
Aquarium Systems (Sarrebourg, France) was added for marine bacteria. It was then 
sterilized by autoclaving at \2VC for 20 min and poured into the sterile Petri-dish 
after well-mixing. 10% nutrient broth (NB) solution was prepared for freshwater 
bacteria by dissolving 0.04 g nutrient broth (Biolife, Milano, Italy) into 50 mL 
Milli-Q® water, while for marine bacteria, 1.5 g artificial sea salt was added to make 
a final salinity of 30 g/L. The mixture was then autoclaved for 20 min at 121°0 and 
cooled to room temperature before use. 0.9 and 3.0% sodium chloride (NaCl) 
solution was made by dissolving 9 g and 30 g sodium chloride powder (Riedel-de 
Haen®, Seelze, Germany) into 1 L Milli-Q® water respectively, sterilized by 
autoclaving at 121°0 for 20 min and cooled down to room temperature prior to use. 
3.2 Screening of freshwater and marine bacterial culture 
41 marine bacteria were received from the culture collection of Hong Kong 
University of Science and Technology while 20 freshwater bacteria were isolated 
from the foam and sludge samples collected from the Shatin Sewage Treatment 
Works (31 July 2001). They were all characterized and identified by MIDI Sherlock 
system in our laboratory (Lau and Wong, unpublished data) and 16S rRNA gene 
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sequence analysis in the Hong Kong University of Science and Technology. 
Permanent stock of bacteria were stored at -80°C deep freezer (Plate 3.2) 
• i 
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Plate 3.1 (A) Titanium dioxide, TiO: Degussa P25 formulation (B) TiO! powder (C) 
Homogenised Ti02 suspension for PCO reaction 
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Plate 3.2 Permanent bacterial stock stored at -80°C deep freezer 
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To select the UV-A resistance bacteria, a loopflil of stock culture was inoculated 
into 10 mL 10% nutrient broth (NB) medium (additional 0.3 g artificial sea salt was 
added for marine bacteria) with 200 rpm agitation for 24 h at 30°C for bacterial 
recovery, the grown culture was then used for the UV-resistant test. To begin with, a 
loopful of the culture was streaked on the nutrient agar plates and incubated for 24 h 
at 30°C, a single colony was then picked on the other nutrient agar plates and 
irradiated with UV-A (365 nm) radiation for 5 h (intensity: 0.334 mW/cm^) before 
incubating at 30�C for 24 h for colony formation. 
To further confirm the UV-A resistant bacteria, UV-resistant test was also 
performed in aqueous medium. A single colony of the freshwater and marine 
bacteria were incubated in 50 mL 10% NB with 9 and 30 g/L artificial sea salt 
respectively for 24 h at 30°C, the overnight culture was then harvested and washed 
twice by centrifugation at 23,000 g for 5 min before adding to sterilized NaCl 
solution (9 g/L for freshwater and 30 g/L for marine bacteria respectively) with the 
UV-A (365 nm) radiation for 5 h (intensity: 0.334 mW/cm^). After irradiation, 
samples were serially diluted with appropriate volume of saline and spread on 
nutrient agar plates, colonies were observed after incubating at 30�C for 24 h. 
Bacteria showing colony formation in both semi-solid and aqueous medium were 
considered as UV-A (intensity: 0.334 mW/cm^) resistant for 5 h. Gram stain was 
then performed to identify Gram-negative bacteria. Finally two freshwater and two 
marine UV-A resistant bacteria were isolated and used in this study. 
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3.3 Photocatalytic reaction 
3.3.1 Preparation of reaction mixture 
10,000 mg/L Ti02 stock solution was homogenized by sonication with a Branson 
2510 sonicator (Branson Ultrasonics B.V., Soest, NL, USA) (Plate 3.3) at 35 kHz 
for 20 min and kept in dark at room temperature. 100 mg/L Ti02 reaction mixture 
was made by adding 0.5 mL Ti02 stock solution to 0.9% (for wastewater bacteria) 
and 3.0% (for marine bacteria) NaCl solution to give a total volume of 45 mL. The 
reaction mixture was then sterilized by autoclaving at 121°C for 20 min and kept at 
dark before use. 
« H i 
Plate 3.3 A Branson 2510 sonicator (Branson Ultrasonics B.V., Soest, NL, USA) 
3.3.2 Preparation of bacterial culture 
Two freshwater bacteria strains, Escherichia coli K12 and Shigella sonnei, and two 
marine bacteria strains, Alteromonas alvinellae and Photobacterium phosphoreum 
were chosen for the study. One single pure bacterial colony grown on the NA agar 
plate was inoculated in 10% NB solution at 30°C with 200 rpm agitation for 16 h. 
The culture was then washed twice with 0.9% (for freshwater bacteria) and 3.0% 
(for marine bacteria) NaCl solution by centrifugation at 23,000 g for 5 min at 25°C 
using a Hermle Z323 centrifuge (Hermle Labortechnik, Germany) (Plate 3.4). The 
39 
cell pellet was resuspended in NaCl solution and the cell density was finally 
adjusted to 3 x lO? cfu/mL by diluting with appropriate volume of NaCl and 
measuring the absorbance at 520 nm by a Helios Gamma UV-Vis spectrophotometer 
(Thermo Electron, England) (Plate 3.5). 
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m \mmmmi • 
Plate 3.4 A Hermle Z323 centrifuge (Hermle Labortechnik, Germany) 
^ ^ ^ 
Plate 3.5 A Helios Gamma UV-Vis spectrophotometer (Thermo Electron, England) 
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3.3.3 Photocatalytic reactor 
The photocatalytic (PCO) reactor (Plate 3.6) used for the UV-A and fluorescent 
light-driven PCO experiments was a rectangular box with dimension 60 (length) x 
35 (width) X 20 cm (height). The black plastic material of the reactor was used for 
preventing the emission of UV from the reactor so that the hazard of UV radiation 
was minimized, as well as the entry of UV radiation or surrounding fluorescent light 
to the reactor which might interfere the experimental result. Two UV lamps (15 W, 
maximum emission at 365 nm, Cole-Parmer, Vernon Hills, USA) or four fluorescent 
lamps (15 W, VELOX®, Thailand), were placed on the top inside of the reactor. All 
the lamps were connected to a control panel. By turning on/off the lamp switches, 
light intensity inside the reactor can be varied. During the irradiation, two ventilation 
fans at the back of the reactor were turned on to maintain temperature at 28 士 2°C so 
that the effect of thermal inactivation could be negligible. A magnetic stirrer plate 
was put underneath the reactor and a stirrer bar was put inside the reaction mixture 
for achieving throughout mixing during the PCO reaction. 
Control panel 
H H P 
41 
(B) lamp 
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Plate 3.6 The PCO reactor (A) The front view (B) The inner view 
To measure the visible light and UV intensity, a LI-250 light meter (LI-COR®, 
Lincoln, Nebraska, USA) and an UVX digital radiometer (UVP®, Upland, California, 
USA) were placed exactly at the illuminated surface of the reaction mixture, i.e. 
where the reaction mixture located. The sensor for the UV meter was covered by 
two glass slides to simulate the adsorption of light by the glass of the reaction flask. 
3.3.4 PCO disinfection reaction 
To study the disinfection efficiency of PCO towards the four selected bacteria, PCO 
reaction was carried out using the following conditions: 100 mg/L TiO�，UV-A 
irradiation at UV-A intensity of 0.334 mW/cm^ or fluorescent lamp irradiation at VL 
intensity of 0.529 mW/cm^, initial cell density of 3 x 10^  cfu/mL, unadjusted pH at 
5.8 and stirring rate of 200 rpm. The light intensities of different light sources used 
in this study was shown in Table 3.1 
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Table 3.1 Light intensities of different light sources used in this study 
UV-A lamps Fluorescent UV-C lamp 
(mW/cm^) lamps (Section 3.10) 
(mW/cm^) (mW/cm^) 
Visible light (380S?i<760 nm)b 0.676 5.295 0.271 
UV-A(?i�315-400nm)b 0.334 0.015 0.003 
UV-B(A<�280-315 nm)b 0.158 0.002 0.134 
UV-C(100<>.<280 nm)^ 0.041 N.D. 0.529 
^Not detectable (Intensity < 0.001 mW/cm^) 
b The definition is given by the Global Solar UV Index (UVI) designation from 
World Health Organization (WHO) 
To perform the PCO reaction, 45 mL sterilized reaction mixture composing 100 
mg/L TiOi P25 was first homogenized by sonication at 35 kHz for 5 min before 
adding 5 mL washed cell culture. The reaction mixture was then put into the PCO 
reactor with UV lamps and fluorescent lamps situated top inside (Plate 3.7). The 
reaction mixture was stirred at dark for 30 min by a magnetic stirrer to reach 
adsorption/desorption equilibrium and continued stirring during the whole PCO 
process. The reaction was started and stopped by switching on and off the UV and 
fluorescent lamps on control panel. At a fixed time interval, an aliquot of sample 
was taken and serially diluted with 0.9% (for freshwater bacteria) and 3.0% (for 
marine bacteria) NaCl solution. 0.1 mL diluted sample was then immediately spread 
on the nutrient agar plates and incubated at 30°C for 24 h. The colonies formed on 
the agar plates were counted and expressed as cfu/mL to determine the bacterial 
population after PCO process. 
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Plate 3.7 The setup of PCO reaction equipped with fluorescent lamps 
Besides performing PCO treatment, three kinds of control experiments were carried 
out to prove that both light irradiation and photocatalyst are required for PCO 
disinfection. Three control experiments were carried out by (i) applying UV-A or 
fluorescent light alone without addition of photocatalyst; (ii) applying the 
photocatalyst alone in dark and (iii) without applying light and photocatalyst. Each 
set of experiment was performed in triplicate. 
3.3.4.1 Effect of pH 
To determine the effect of pH, the pH level was monitored by adjusting the initial 
pH with the addition of a few drops of IM HCl and IM NaOH to the reaction 
mixture using pH meter. For this study, the pH levels that were tested included pH 
of 4.0, 5.0，5.8 and 8.0. The unadjusted pH reading of the reaction mixture was 
around 5.8. The PCO experiment and enumeration of cell viability was carried out 
and determined as described in Section 3.3.4. At each varied pH, control 
experiments only with photocatalyst at dark were performed to ensure the effect of 
pH alone on bacterial survival was negligible. 
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3.3.4.2 Effect of temperature 
To determine the effect of temperature on the disinfection efficiency of PCO, the 
whle PCO disinfection unit was put into an INNOVA®4340 illuminated refrigerated 
incubator shaker (New Brunswick Scientific Co., Inc., Edision, NJ, USA) for 
temperature adjustment (Plate 3.8). The reaction temperatures used for the study 
were 15, 22，28 and 37°C respectively. The temperature was measured and 
monitored by a mercury thermometer, the unadjusted temperature of the reaction 
mixture was 28 士 2°C. The PCO experiment and enumeration of cell viability was 
carried out and determined as described in Section 3.3.4. At each varied temperature 
control experiments only with photocatalyst at dark were performed to ensure the 
effect of temperature alone on bacterial survival was negligible. 
3.3.4.3 Effect of growth phase 
The growth phases for the four selected bacteria were determined from their 
corresponding growth curves. To construct the growth curves, firstly, one single 
pure freshwater and marine bacterial colony was inoculated respectively in 10% NB 
solution and 10% NB solution with 30 g/L salinity. The culture was incubated at 30° 
C with 200 rpm agitation. At each 1 h interval, 1 mL cell culture was sampled and 
the absorbance was measured at 520 nm by the spectrophotometer. The cell density 
reflected from the absorbance was monitored for 24 h. Growth curves were then 
plotted with the cell absorbance at 520 nm against different time. The three growth 
phases of the four bacteria were determined from their corresponding growth curves 
and were summarized in Table 3.2. 
45 
Bacteria at the mid-log, late-log and stationary phased cells were then harvested and 
the cell density was adjusted to 3 x 10^  cfu/mL to determine the disinfection 
efficiency of PCO. The PCO experiment and enumeration of cell viability was 
carried out and determined as described in Section 3.3.4. At different growth phases, 
control experiments only with photocatalyst at dark were performed to ensure the 
effect of temperature alone on bacterial survival was negligible. 




Plate 3.8 (A) an INNOVA®4340 illuminated refrigerated incubator shaker (New 
Brunswick Scientific Co., Inc., Edision, NJ, USA) (B) The whole PCO disinfection 
unit placed inside the incubator shaker. 
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Table 3.2 The mid-log, late-log and stationary growth phases of the selected bacteria 
Bacterial strains 
Growth phases E. coli K12 S. sonnei P. Phosphoreum A. alvinellae 
Mid-log 4.5 h 4.5 h 7.5 h 5 h 
Late-log 7.5 h 7.5 h 10.5 h 7 h 
Stationary 16 h 16 h 16 h 16 h 
3.4 Measurement of superoxide dismutase (SOD) activity 
Before measuring the SOD activities in the four selected bacteria, cells were lysed to 
release the enzymes by using the B-PER® II bacterial protein extraction reagent 
(Pierce, Rockford, IL, USA) (Plate 3.9). This reagent utilizes a proprietary, mild, 
nonionic detergent in 20 mM Tris.HCl (pH 7.5) for gentle but complete lysis of 
bacterial cells. Bacterial lysates containing the SOD enzyme was prepared by 
harvesting 1.5 mL bacterial culture by a microcentrifuge at 5,000 rpni for 10 min. 
Then 100 jiL B-PER® II bacterial protein extraction reagent was added to the pellet 
and vortexed for 10 min until the suspension was completely homogenized and then 
further vortexed for one more minute. By centrifugating the cell suspension at 13， 
000 rpm for 5 min, the supernatant containing the soluble protein was separated and 
used for the SOD determination. 
Superoxide dismutase (SOD) determination experiments were carried out using the 
colorimetric detection kit, superoxide dismutase (SOD) detection kit (Cell 
Technology, Mountain View, USA) (Plate 3.9) by following the protocol in the 
instruction manual (Cell Technology, 2006). The detection principle is based on the 
formation of yellow WST-1 formazan dye, which was assayed in a 
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spectrophotometer at 450 nm, upon the reduction of the superoxide anion (•O2") 
produced from the xanthine oxidase. The activity of SOD in the bacteria was 
inversely proportional to the production of formazan dye as SOD acted as the •O2" 
scavenger, thus inhibiting the reaction between WST-1 and •O2'. By comparing with 
the SOD standard curve, SOD activity in the selected bacteria was determined and 
was expressed as unit/mL. SOD activity was measured by calculating the inhibition 
percentage of the following equation: 
[(Acontrol 1 •Acontrol 3)-(Asample-Acontrol 2)] 
SOD activity = XI00 ！ 
(Inhibition rate,%) (Acomrol 1 "Acontrol 3) 
Where: 
Control 1 represents highest signal (without SOD but contains xanthine oxidase) 
I 
Control 2 represents net signal from colored sample 
Control 3 represents lowest signal (without SOD and xanthine oxidase) 
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Plate 3.9 A B-PER® II bacterial protein extraction reagent (Pierce, Rockford, IL, 
USA) and a superoxide dismutase (SOD) detection kit (Cell Technology, Mountain 
View, USA) 
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3.5 Measurement of catalase (CAT) activity 
CAT determination experiments were carried out using a fluorescent catalase 
detection kit, Fluoro: Catalase® (Cell Technology, Mountain View, USA) (Plate 
3.10) by following the protocol in the instruction manual (Cell Technology, 2006). 
The detection of catalase is based on the formation of pink fluorescent resorufin, 
which was measured during excitation at 570 nm and emission at 585 nm by the 
fluorescent spectrometer. In the CAT assay, H2O2 present in the kit would break 
down to water and oxygen, catalyzed by the catalase inside the bacteria. With higher , 
levels of CAT, less of the remaining H2O2 will react with the non-fluorescent 
detection reagent and peroxidase, resulting in a lower production of fluorescence 
reading. CAT activity was measured by the change in fluorescence, which was 
1 
calculated by subtracting the control (without SOD but contains H2O2) from sample 
fluorescence. By comparing with the CAT standard curve, the levels of CAT in the 
I 
selected bacteria were determined and were expressed as unit/mL. 
» 
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Plate 3.10 A fluorescent catalase detection kit, Fluoro: Catalase® (Cell Technology, 
Mountain View, USA) 
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3.6 Fatty acid profile 
Fatty acid profiles in the selected bacteria were analyzed by the gas chromatography 
using an Agilent HP 6890 Series II gas chromatograph (Hewlett Packard, Palo Alto, 
USA) coupled with HP 7863 autosampler and the flame ionization detector (FID) 
(Plate 3.11). Sherlock Microbial Identification System Version 4.5 software was 
used to identify the relative amounts of fatty acid in studied bacteria. Cell pellet was 
harvested after growing up the bacterial culture overnight; the fatty acid from the 
cell was then liberated out from cellular lipid by saponification. In saponification, 1 
mL of 0.15% NaOH (in 1:1 methanol/H20) was added into the cell pellets in the j 
j 
culture tubes and vortexed. Then the sealed sample tubes were placed in a boiling | 
i 
water bath at 100°C for 30 min. After cooling, 2 mL of methylating agent containing 
1:1.18 6N HCl/methanol was added and heated at 80°C for 10 min and cooled. The 
fatty acid methyl esters (FAMEs) were extracted from lipid extracts by adding 1.25 
mL 1:1 hexane/methyl /er/-butyl ether with gentle shaking at room temperature for 
10 min. The bottom phase was discarded and 3 mL NaOH was added to the organic 
I 
phase for base wash with gentle shaking for another 5 min. The top organic phase 
} } 
was then removed for GC analysis. A 25 m (length) x 0.2 mm (diameter) x 0.33 \im | 
I 
(film thickness), cross-linked 5% phenyl methyl silicone fused silica capillary 
column (Agilent 1909IB-102) was used to further separate the fatty acids with the 
hydrogen as the carrier gas and nitrogen as the makeup gas. A calibration analysis 
was used for the first two injections of every sequence and was automatically 
reanalyzed after every 11th sample injection using Calibration Standard 1 No. 
1200-A (Microbial ID, Newark, USA). The fatty acids were identified with the aid 
of standards from FAMEs of carbon-9 to carbon-20. The database of "TSBA40 
Library" from Microbial ID, Inc. was used for product identification. Data on the 
retention time, response, area/height ratio; equivalent chain lengths (ECL) values, 
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peak name and percentage of teach fatty acid were studied to compare the fatty acid 
composition among the four bacterial strains. 
J ^ 
Plate 3.11 An Agilent HP 6890 Series II gas chromatograph coupled with HP 7863 
autosampler and the flame ionization detector (FID) (Hewlett Packard, Palo Alto, 
USA) 
3.7 Bacterial regrowth test 
To investigate the ability of bacteria to undergo repair after photocatalytic 
disinfection under fluorescent irradiation, four bacterial strains with initial cell 
density of 3x10^ cfu/mL were undergone PCO disinfection until achieving complete 
bacterial inactivation by using plate count method. After PCO treatment, whole flask 
of reaction mixture was aseptically removed from the photocatalytic reactor and 
kept in dark at 30°C with 200 rpm agitation to allow bacterial repair. After 10 min 
and at every 12 h dark incubation (until recovery time reaching 96 h), 500 jiL 
aliquots of samples were withdrawn and directly plated onto the NA plates and then 
incubated at 30°C for 24 h for any observable colony formation. 
51 
On the other hand, to ensure detection of any recovered cell, 100 |iL disinfected 
samples were transferred to 5 mL of 10% NB medium at the above mentioned time 
intervals. All samples were then incubated at 30°C for 24 h. After incubation, 500 
|iL aliquots of samples were plated onto the NA plates and incubated at 30°C for 24 
h to confirm any occurrence of regrowth after PCO disinfection. Control 
experiments were performed by (i) adding 100 |xL sterilized ultrapure water and (ii) 
adding 100 |xL untreated sample (dark control) to NB medium. 
3.8 Atomic absorption spectrophotometry (AAS) 
To determine the change of K+ from the four selected bacteria during PCO process, 
at every hour interval, 1.5 mL of the illuminated bacterial suspension was 
centrifuged at 23,000 g for 10 min and the supernatant was withdrawn for atomic 
absorption spectrophotometry analysis on Z-2300 Polarized Zeeman Atomic 
Absorption spectrophotometer (Hitachi High-Technologies, Tokyo, Japan) (Plate 
3.12). 
,•产.1 
Plate 3.12 A Z-2300 Polarized Zeeman Atomic Absorption spectrophotometer 
(Hitachi High-Technologies, Tokyo, Japan) 
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3.9 Total organic carbon (TOC) analysis 
150 mL reaction mixture containing initial cell concentration of 3x10^ cfu /mL with 
100 mg/L Ti02 was under PCO treatment with fluorescent light irradiation at 5.295 
mW/cm^. At each fixed time intervals, two 12 mL samples was taken and 
centrifuged at 23,000 g for 10 min. Cell pellets obtained were then used for the 
solid-phase analysis while the supernatant was used for the aqueous-phase 
measurement following the protocol of the Instruction Manual (Shimadzu 
Corporation, 2001). 
For solid phase analysis, total organic carbon ( T O C ) analyzer TOC-VCSH/CSN with a 
solid sample measurement module SSM-5000A (Shimadzu Corporation, Kyoto, 
Japan) (Plate 3.13B) was used for the measurement. The cell pellets harvested were 
resuspended in 0.2 mL saline, added into pre-weighed sample boat and dried at 105° 
C until steady weight was attained. Then, one of the dried cell masses was 
combusted in a 900°C furnace for the measurement of carbon dioxide formed from 
the total carbon (TC). While another dried cell mass was put to react with 0.4 mL 
85% phosphoric acid at 200°C for the determination of carbon dioxide formed from 
the inorganic carbon (IC). 
For the aqueous-phase analysis, 12 mL sample's supernatant was put into 
pre-cleaned sample vials for TOC and IC determination by auto-sampler ASI-V 
connecting to the T O C analyzer TOC-VCSH/CSN (Shimadzu Corporation, Kyoto, 
Japan). (Plate 3.13A) 
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Two control experiments were carried out for TOC analysis, one was the dark 
control containing only bacteria and photocatalyst at dark for monitoring the natural 
change of TC and IC from reaction mixture without PCO, another one was the 
solution only containing photocatalyst for determining the background TC and IC 
content from 100 mg/L TiO: reaction mixture. 
i r f ^ 
MmWm 
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Plate 3.13 (A) A solid sample measurement module SSM-5000A (Shimadzu 
Corporation, Kyoto, Japan) (B) An auto-sampler ASI-V connecting to the TOC 
analyzer TOC-VCSH/CSN (Shimadzu Corporation, Kyoto, Japan). 
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3.10 Chlorination 
To study the disinfection ability of chlorination, hypochlorite bleach solution (Ultra® 
chlorox, Clorox Company, Broadway, Oakland, USA) (Plate 3.14) containing 6% 
free chlorine was used in this study, the major constituents of the bleach solution are 
hypochlorite ion and hypochlorous acid. Stock solution of 1,200 mg/L free chlorine 
was prepared by diluting appropriate bleach solution with Milli-Q® water. At 
different chlorine concentration(1.5, 2.5, 3.5 and 4.5 mg/L), 5 mL of washed 
bacterial cell with initial cell density of 3x10^ cfu/ mL was added into 45 mL 
sterilized saline (0.9% for freshwater and 3.0 % for marine bacteria) solution. At 
each fixed time interval, 27 mL of sample was taken and immediately quenched by 
3 inL sodium thiosulphate (NasSsCb) to make up the final concentration of 0.0 IM. 
The quenched reaction mixture was well vortexed and centrifuged at 23,000 g for 10 
min. After centrifugation, the pellet was resuspended back to the original volume by 
saline and appropriate sample volume was taken for bacterial enumeration by the 
procedures listed in Section 3.3.4 
Plate 3.14 Hypochlorite bleach solution (Ultra® chlorox) 
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3.11 UV-C irradiation 
One UV-C lamp (15 W, maximum emission at 254 nm, Vilber Lourmat, 
Deutschland Germany) was placed on top of reactor, the intensity was adjusted by 
wrapping with several layers of transparent plastic sheets on the UV-C lamp and the 
intensity chosen for study was 0.103, 0.281，0.529 and 0.968 mW/cm^ respectively. 
Since UV-C cannot pass through glass material, to ensure the penetration of UV-C 
to reaction matrix, the aluminum foil covered on top of reaction flask was removed. 
At different UV-C intensity, 5 mL of washed bacterial cell with initial cell density of 
3x1 (38 cfu/ mL was added into 45 mL sterilized saline (0.9% for freshwater and 3.0 ^ 
% for marine bacteria) solution, the UV-C radiation was switched off at fixed time ！ 
4 
intervals, appropriate sample volume was taken for bacterial enumeration by the ， 
procedures listed in Section 3.3.4. ! 
it 
1 
3.12 Transmission electron microscopy (TEM) • 
In order to study the structural changes of the bacterial cells during different stages 
of PCO, chlorination and UV-C irradiation, and thus understanding their inactivating i 
mechanisms, transmission electron microscopy (TEM) was performed. Firstly, i 
¥ 
aliquots (20 mL) of reaction mixture with initial cell density of 3 x 1 c f u / m L were 
taken for TEM study at different time intervals for the four studied bacterial strains 
using the three mentioned disinfection methods. The experimental conditions for 
TEM were summarized in Table 1.3. The samples were centrifuged and the pellet 
was obtained. After obtaining the cell pellet, the bacterial cells were pre-fixed by 
adding 2.5% glutaraldehyde (E.M. grade, Electron Microscopy Sciences, Hatfield, 
PA, USA) to the pellet at 4°C for 2 h . Then the samples were washed twice with 0.1 
M phosphate buffer saline (PBS) at pH 7.2 by centrifugation. The cell suspensions 
were trapped in 3% low melting point agarose and the solidified encapsulated pellets 
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were cut into small cubes with diameter less than 1 mm by a razor blade. Those 
small cell cubes were then post-fixed by 1% osmium tetraoxide in PBS (E.M. grade, 
Electron Microscopy Sciences, Hatfield, PA, USA) with stirring for 2 h in dark. 
After that, the cell pellets were washed twice with PBS and then dehydration was 
performed by adding a graded series of ethanol (50, 70，85, 95 and 100%) into the 
solidified cell cubes. The small cell pellets were embedded in Spurr solution 
(Electron Microscopy Sciences, Fort Washington, PA, USA)for polymerization at 
68°C for 24 h (Plate 3.15A). By using ultra-microtome (Leica, Reichert Ultracuts, 
Wien, Austria) with diamond knife (DiATOME ultra 45\ Diatome Ltd., 
Switzerland) (Plate 3.16)，ultra-thin sections of 70 nm were made and placed on 
copper mesh grids with chloroform coating (Plate 3.15B). They were then stained 
with 2.5% uranyl acetate and 2% lead citrate for contrast enhancement. The stained 
ultra-thin sections were ready for examination by a H-7650C transmission electron 
microscope (Hitachi Ltd, Tokyo, Japan) (Plate 3.17) at 80 kV accelerating voltage. 
(A) m m m m i ^ ^ m ^ ^ l l H m i l l l l l Bacterial pellets embedded at the 
^ tip spurr 
g^ Miiii^  � 
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Plate 3.15 (A) Bacterial cell pellets embedded in Spurr solution and the ultra-thin 
sections of 70 nm on copper mesh grids (B) The enlarged ultra-thin sections of 70 
nm on copper mesh grids with chloroform coating 
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Plate 3.16 (A) An ultra-microtome (Leica, Reichert Ultracuts, Wien, Austria) and 
(B) A diamond knife (DiATOME ultra 45\ Diatome Ltd., Switzerland) 
一趕 
lb贫赛； \ 1 . 
Plate 3.17 A H-7650C transmission electron microscope 
(Hitachi Ltd, Tokyo, Japan) 
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Table 3.3 The summary of the experimental conditions for TEM studies 
E. coli K12 S. sonnei P. Phosphoreum A. alvinellae 
PCO' 0，4，16 & 52 h 0，3，6&16h 0，6，9&12h 0, 3, 5 & 12 h 
UV-C 0, 10,30 & 90 0,30,60 & 0, 15，30 & 45 0, 3, 6 & 30 
radiation'' min 120 min min min 
Chlorination" 5 & 15 min N/A 5 & 15 min N/A 
a Experimental conditions: 100 mg/L TiO?’ fluorescent lamp irradiation at VL 
intensity of 0.529 mW/cm^, initial cell density of 3 x 10^ cfu/mL, reaction volume of 
60 mL and stirring rate of 200 rpm for the four bacterial strains, 
b Experimental conditions: UV-C irradiation at intensity of 0.529 mW/cm^, initial 
cell density of 3 x 10^ cfli/mL, reaction volume of 60 mL and stirring rate of 200 
rpm for the four bacterial strains. 
e Experimental conditions: Chlorine concentration of 1.5, 2.5 & 3.5 mg/L for E. coli 
K12 and 2.5, 3.5 & 4.5 mg/L for P. phosphoreum, initial cell density of 3 x 10^ 
cfu/mL, reaction volume of 60 mL and stirring rate of 200 rpm. 
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4. Results 
4.1 Screening of UV-A resistant freshwater and marine bacteria 
To select two UV-A resistant freshwater and two UV-A resistant marine bacteria, 
bacteria grown on the nutrient agar plates were further undergone UV-A resistant 
test on semi-solid medium and aqueous medium at UV-A intensity of 0.334 
mW/cm^ for 5 h. Those that could survive on both media were regarded as UV-A 
resistant under the above conditions. 
For the freshwater bacteria, 11 out of 26 strains were UV-A resistant while for 
marine bacteria, 9 out of 41 strains were UV-A resistant (Table 4.2). After 
performed Gram-stain to distinguish the Gram-positive and Gram-negative bacteria 
(Table 4.2), the targeted Gram-negative bacteria were all characterized and 
identified by MIDI Sherlock system in our laboratory and 16S rRNA gene sequence 
analysis in Hong Kong University of Science and Technology (HKUST.) 
Finally, two Gram-negative freshwater bacteria, known as Escherichia coli K12 
(Plates 1.1 and 1.2) and Shigella sonnei (Plates 1.3 and 1.4) and two Gram-negative 
marine bacteria, named as Alteromonas alvinellae (Plates 1.5 and 1.6) and 
Photobacterium phosphoreum (Plates 1.7 and 1.8) were chosen and used for this 
study. 
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Table 4.1 Bacterial species for UV-A resistant test. Species that was underlined and 
bolded as blue represent the strains that were UV-A resistant at 0.334 mW/cm^ 
intensity for 5 h. 
Freshwater bacterial strain obtained from Shatin Wastewater Treatment Plant 
F-A-11 F-A-23 F-A-6 RS-A-19rl RS-A-31 RS-A-38 
F-A-14 F-A-24 RS-A-05rl RS-A-19r2 RS-A-32b 
F-A-19 F-A-32 RS-A-05r2 RS-A-22 RS-A-35 
F-A-20rl F-A-4 RS-A-07 RS-A-28 RS-A-36 
F-A-20r2 F-A-40brl RS-A-17 RS-A-29 RS-A-37a 
Marine bacterial strains obtained from HKUST bacterial stock collection 
950701-004 981101 -009 991130-009 991130-028 010723-010 040801-013 
980701-005 981101-010 991130-010 991130-030 040801-002 040801-016 
980801-004 981101-018 991130-011 991130-033 040801-005 040801-023 
980801-006 981101-021 991130-015 991130-040 040801-007 040801-026 
981101-001 981101-028 991130-024 991130-061 040801-008 040801-040 
981101-002 981101-033 991130-025 991130-072 040801-009 040801-042 
981101-004 991130-007 991130-027 010620-004 040801-011 
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Table 4.2 Results of Gram stain. Bacterial species that was highlighted as green 
represent the strains chosen for this study 
Freshwater bacterial strain obtained from Shatin Wastewater Treatment Plant 
Gram-positive Gram-negative 
F-A-19 RS-A-07 RS-A-35 F-A-32' RS-A-19r2'' 
F-A-24 RS-A-19rl F-A-40brl RS-A-32b 
RS-A-05rl RS-A-29 
Marine bacteria obtained from HKUST bacterial stock collection 
Gram-positive Gram-negative 
991130-024 040801-008 040801-016 981101-021' 040801-042^ 
040801 -005 040801-011 040801 -026 04080丨-002 
a Shigella sonnei ^Escherichia coli K12 
'^Alteromonas alvinellae d Photobacterium phosphoreum 
4.2 Controls experiments 
Before investigating the disinfection ability of PCO towards the four tested bacterial 
species, control experiments were carried out. As shown in Figure 4.1 and 4.2, the 
amount of viable cells of all four bacteria remained constant (about 3x10^ cfu/mL) 
in 180 min when they were stirred at dark in saline solution (0.9% for freshwater 
and 3.0% for marine bacteria) (negative control) or in the reaction mixture 
containing 100 mg/L Ti02 (dark control). Besides, when the cells were irradiated by 
UV-A irradiation (UV intensity = 0.334 mW/cm^) for 60 min and fluorescent lamp 
irradiation (Visible light intensity = 5.295 mW/cm^) for 180 min in saline solution 
without Ti02 (light control), the amount of viable cells also remained constant. It 
showed that the four selected bacteria were resistant to UV-A and fluorescent light 
under the intensity employed in this project. Moreover, it also indicated that light 
irradiation, saline solution and the reaction mixture did not affect the survival of four 
bacterial species. 62 
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Figure 4.1 Survival of (A) E. coli K12 and (B) S. sonnei under control experiments. 
Experimental conditions: Light control in saline solution at UV-A irradiation (UV 
intensity = 0.334 mW/cm^) and fluorescent lamp irradiation (Visible light intensity 
=5.295 mW/cm^); Dark control: 100 mg/L TiO： at dark; Negative control: 0.9% 
NaCl solution at dark. The experiments were conducted with initial cell density = 
3x10^ cfu/mL and 200 rpm stirring. Each data point and error bar represents the 
mean and the standard deviations of independent triplicates respectively. 
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Figure 4.2 Survival of (A) A. alvinellae and (B) P. phosphoreum under control 
experiments. Experimental conditions: Light control in saline solution at UV-A 
irradiation (UV intensity = 0.334 mW/cm^) and fluorescent lamp irradiation (Visible 
light intensity = 5.295 mW/cm^; Dark control: 100 mg/L Ti02 at dark; Negative 
control: 3.0% NaCl solution at dark. The experiments were conducted with initial 
o 
cell density = 3x10 cfu/mL and 200 rpm stirring. Each data point and error bar 
represents the mean and standard deviations of independent triplicates respectively. 
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4.3 Treatments experiments 
4.3.1 UV-A irradiation from UV-A lamps 
For UV-A lamp irradiation, under the conditions of 100 mg/L of TiO!，0.334 
mW/cm^ UV irradiation and 200 rpm agitation rate, complete inactivation (7-log) 
was achieved in 30 min PCO reaction for E. coli K12 and A. alvinellae, while 
4.5-log inactivation were achieved in 60 min for P. phosphoreum and S. sonnei 
under the same experimental conditions (Figure 4.3A) 
It indicated that all tested strains were susceptible to UV driven PCO disinfection, 
with A. alvinellae and E. coli K12 being inactivated at a much faster rate than that of 
P. phosphoreum and S. sonnei under same experimental condition. 
4.3.2 Fluorescent light from fluorescent lamps 
To investigate the feasibility of fluorescent light as the indoor lighting alternative, 
PCO disinfection coupled with fluorescent lamps was conducted (Figure 4.3B). 
Three fluorescent lamps bedded on top of PCO reaction provided the intensity of 
visible light of 5.295 mW/cm^. It was observed with the use of fluorescent lamp, the 
whole inactivation process was prolonged. Complete inactivation (7-log) was 
achieved in 120 min PCO reaction for A. alvinellae, while 4-log, 4.5-log and 5-log 
inactivation were achieved for P. phosphoreum, E. coli K12 and S. sonnei during 
180 min PCO process under the same experimental conditions. 
Results confirmed by extending the irradiation time, all tested strains were 
susceptible to fluorescent driven PCO. A. alvinellae showed highest sensitivity 
towards PCO reaction, followed by S. sonnei, E. coli K12 and P, phosphoreum. 
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Figure 4.3 Disinfection efficiency of the four selected bacteria by PCO using (A) 
UV-A irradiation (UV intensity = 0.334 mW/cm^) and (B) Fluorescent lamp 
irradiation (Visible light intensity = 5.295 mW/cm^). Experimental conditions: Ti02 
concentration = 100 mg/L, initial cell density = 3x10^ cfu/mL, reaction volume = 50 
mL, agitation rate = 200 rpm. Each data point and error bar represents the mean and 
the standard deviations of independent triplicates respectively. 
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4.3.3 Effect of initial pH 
The range of pH tested for this study was pH 4.0, 5.0, 5.8 and 8.0. Initial pH was 
adjusted by adding few drops of IM HCl and IM NaOH to the reaction mixture. 
Unadjusted pH of the reaction mixture was measured to be around 5.8. 
Figures 4.4 and 4.5 demonstrate the effect of initial pH on PCO disinfection 
efficiency of two freshwater and two marine bacteria respectively. To investigate if 
pH alone would affect the survival of bacteria, bacterial suspension was added and 
stirred at dark in sterilized saline (0.9 % NaCl for freshwater bacteria and 3.0% for 
marine bacteria) with adjusted pH for 180 min. it was found that at pH 4.0, after 30 
min dark period, complete inactivation (7.5-log) were observed for A alvinellae and 
P. phosphoreum, which indicated that marine bacteria were more sensitive to 
extreme acidic pH environment. 
As a result, initial pH 5.0, 5.8 and 8.0 were used to compare the inactivation 
efficiency of PCO towards the four bacteria. Among the four bacteria strains, A. 
alvinellae showed no significant effect of pH on inactivation efficiency. However, 
for the other three bacteria, originally when pH was not adjusted (i.e. at pH 5.8)， 
4-log, 4.5-log and 5-log inactivation were observed for P. phosphoreum, E. coli K12 
and S. sonnei respectively, but when initial pH was adjusted to 5.0, there was also 
slight enhancement of 4.5-log inactivation for P. phosphoreum while nearly 
complete inactivation could be achieved within 180 min for E. coli K12 and S. 
sonnei. On the other hand, when initial pH was adjusted to 8.0，the inactivation 
efficiencies are only 1.5-, 2.5- and 2-log for P. phosphoreum, E. coli K12 and S. 
sonnei. This confirmed that generally acidic initial pH flavors PCO for bacterial 
disinfection. 
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Figure 4.4 PCO disinfection of (A) E. coli K12 and (B) S. sonnei at different initial 
pH. Experimental conditions: TiO�concentration = 100 mg/L, light source (intensity) 
=Fluorescent lamp (Visible light intensity of 5.295 mW/cm^), initial cell density = 
3x10® cfu/mL, reaction volume = 50 mL, agitation rate = 200 rpm. Each data point 
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Figure 4.5 PCO disinfection of (A) A. alvinellae and (B) P. phosphoreum at 
different initial pH: Experimental conditions: TiO! concentration = 100 mg/L, light 
source (intensity) = Fluorescent lamp (Visible light intensity of 5.295 mW/cm^), 
initial cell density = 3x10^ cfu/mL, reaction volume = 50 mL, agitation rate = 200 
rpm. Each data point and error bar represents the mean and standard deviations of 
independent triplicates respectively. 
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4.3.4 Effect of reaction temperature 
For better comparison, graphs showing the disinfection efficiency at different 
temperature (15, 22，28 and 37°C) at time = 120 min towards freshwater and marine 
bacteria were plotted (Figures 4.6 and 4.7). Results indicated increasing temperature 
enhanced the rate of photocatalytic disinfection among the four bacteria. E. coli K12 
showed the least response towards the change in reaction temperature. On the other 
hand, temperature effect was more significant towards the two seawater (SW) 
bacteria than the two freshwater (FW) bacteria by exhibiting a greater resistance and 
greater sensitivity towards PCO treatment than freshwater bacteria (FW) at lower 
temperature and higher temperature respectively. 
4.3.5 Effect of growth phases 
In this experiment, mid-log, late-log and stationary phased cells were incorporated 
in our PCO study by harvesting the cell culture at different incubation time, the 
initial cell density for all selected bacteria was adjusted to about 3x10^ cfu/mL under 
different phases (Table 4.3). Bacteria of different growth stages illustrated diverse 
survival response under oxidative stress condition. Two FW bacteria demonstrated a 
greater resistant to the -OH attack in their mid-log phase, while two SW bacteria 
displayed diverse response to oxidative attack, no significant difference was found 
in the ease of inactivation for P. phosphoreum under the three growth stages 
whereas A. alvinellae expressed no difference in resisting PCO treatment in mid-log 
and stationary phase but higher resistance in late-log phase. 
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Figure 4.6 PCO disinfection of (A) E. coli K12, (B) S. sonnei at different reaction 
temperature at 120 min irradiation time. Experimental conditions: Ti02 
concentration = 100 mg/L, light source (intensity) = Fluorescent lamp (Visible light 
intensity of 5.295 mW/cm^), initial cell density = 3x10^ cfu/mL, reaction volume = 
50 mL, agitation rate = 200 rpm. Each data point and error bar represents the mean 
and standard deviations of independent triplicates respectively. Means with the same 
letter are statistically identical (One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.7 PCO disinfection of (A) A. alvinellae and (B) P. phosphoreum at 
different reaction temperature at 120 min irradiation time. Experimental conditions: 
TiO： concentration = 100 mg/L, light source (intensity) = Fluorescent lamp (Visible 
light intensity of 5.295 mW/cm^), initial cell density = 3x10^ cfu/mL reaction 
volume 二 50 mL, agitation rate = 200 rpm. Each data point and error bar represents 
the mean and standard deviations of independent triplicates respectively. Means 
with the same letter are statistically identical (One way ANOVA followed by Tukey 
test, p<0.05). 
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Table 4.3 Inactivation efficiency of PCO among the four selected bacteria under 
different growth stages (mid-log, late-log and stationary phase) 
Bacteria Inactivation efficiency'^ 
Mid-log Late-log Stationary 
E. co/z K12' 3-log 4-log 4.5-log 
S. sonnet 3-log 3.4-log 5-log 
P. phosphoreum^ 3.5-log 3.5-log 4-log 
A. alvinellae^ 7.5-log 4.5-log 7.5-log 
a Freshwater bacteria b Marine bacteria 
e Standard deviation: <0.5 for all data 
4.4 Factors affecting bacterial sensitivity towards PCO 
4.4.1. Superoxide dismutase (SOD) and catalase (CAT) activities 
Table 4.4 shows the SOD and CAT activities of the four bacteria in stationary phase. 
SOD activities were 4.72, 3.00，2.03 and 0.81 U/mL for E. coli K12, S. sonnei, P. 
phosphoreum and A. alvinellae respectively, while their corresponding CAT 
activities were 0.58, 0.48，0.48 and 0.13 U/mL. It was noted their activities were 
highest in E. coli K12, followed by S. sonnei’ P. phosphoreum and A. alvinellae. 
In order to correlate SOD and CAT activities with their corresponding bacterial 
susceptibility towards PCO, the inactivation efficiency of the four bacteria under PC 
was also incorporated in Table 4.4. Except the most resistant species P. 
phosphoreum contained relatively lower SOD and CAT activities, the remaining 
three bacteria exhibited a linear correlation between SOD and CAT activities and the 
resistance towards PCO inactivation. This indicated though SOD and CAT activities 
might not be the sole factors affecting the disinfection efficiency, it could have 
certain impact on species susceptibility towards oxidative attack. 
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Table 4.4 Relationship between bacterial susceptibility towards PCO and their 
corresponding SOD and CAT activities 
Bacteria PCO susceptibility* SOD activities CAT activities 
(U/mL) (U/mL) 
P. phosphoreum 4-log inactivation 2.03 0.48 
E. C0//K12 4.5-log inactivation 4.72 0.58 
S. sonnei 5-log inactivation 3.00 0.48 
A. alvinellae 7.5-log inactivation 0.81 0.13 
"Standard deviation: <0.5 for all data 
4.4.2 SOD and CAT induction by PCO 
Apart from studying SOD and CAT activities in bacteria in stationary phase, SOD 
and CAT induction among the four tested bacteria along 45 min PCO reaction was 
investigated (Figure 4.8) 
Regarding SOD activity, all four bacteria showed an increase in activities along 45 
min PCO disinfection. Two freshwater bacteria E. coli K12 and S. sonnei possessed 
the highest SOD activity after 45 min PCO treatment, followed by the two marine 
bacteria, P. phosphoreum and A. alvinellae respectively. Regarding the degree of 
SOD induction, S. sonnei showed the greatest inducible SOD content among the 
four bacteria (i.e. nearly 20-fold increase), followed by P. phosphoreum ("nearly 
15-fold increase), while E. coli K12 and A. alvinellae demonstrated nearly 10-fold 
and 8-fold SOD induction respectively during 45 min PCO process. 
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For CAT activity, two freshwater bacteria E. coli K12 and S. sonnei which acquired 
higher initial CAT content, demonstrated a weaker inducible effect on CAT. E. coli 
K12 and S. sonnei exhibited about 1.5- and 1.2-fold CAT induction during 45 min 
PCO process. In contrast, A. alvinellae which initially possessed the lowest activity 
of CAT showed greatest stimulation among the four bacteria (i.e. nearly 12-fold 
increase). While for P. phosphoreum, the CAT activity was provoked three times 
during the first 30 min and then showed a 50% decrease in CAT activity. 
4.4.3 Fatty acid (FA) profile 
Table 4,5 lists the ratio of unsaturated to saturated FA, ratio of branched to i 
unbranched FA, ratio of short to long acyl chain FA and the percentage of six fatty I 
• 
acids commonly conserved in the four bacteria together with their corresponding j 
inactivation efficiency. It was noted the two marine bacteria {P. phosphoreum: 2.167; | 
A. alvinellae-. 1.312) possessed relatively higher ratio of unsaturated to saturated FA , 
I 
than that of the freshwater bacteria {E. coli K12: 0.081; S. sonnet 0.748), while P. ‘ 
phosphoreum and A. alvinellae had comparatively lower ratio of branched to straight 
chain FA and short to long acyl chain FA than that of E. coli K12 and S. sonnei. 
I 
Six common fatty acids conserved in the four tested bacteria were identified as: 
i) Saturated 12 carbon straight chain fatty acid (Laurie acid); 
ii) Saturated 14-carbon straight chain fatty acid (Myristic acid), 
iii) Saturated 16-carbon straight chain fatty acid (Palmitic acid); 
iv) Unsaturated 16-carbon straight chain fatty acid with hydroxyl group 
(3-Hydroxyl palmitic acid); 
V) Unsaturated 18-carbon straight chain fatty acid (Oleic acid) and 
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vi) Unsaturated 18-carbon straight chain fatty acid with 3 double bonds 
(Gamma-linolenic acid) 
Among the fatty acids conserved in all bacteria, gamma-linolenic acid, was found to 
link with PCO susceptibility, the most sensitive species A alvinellae and the most 
resistant species P. phosphorewn towards PCO possessed the highest and lowest 
amount of gamma-linolenic acid respectively, while E. coli K12 and S. sonnei which 
are less resistant than P. phosphorewn contained relatively more of this acid. 
Table 4.5 Ratio of unsaturated to saturated FA (UFAs:SFAs); ratio of branched to 
unbranched FA (BCFAsiSCFAs) and ratio of short to long acyl chain FA 
(SACFAs:LACFAs), and the percentage of three fatty acids together with the 
corresponding inactivation efficiency among the four selected bacteria. Short chain 
fatty acids were defined as any FA having containing less than 15 carbon atom. 
E. coli S. sonnei A alvinellat P. phosphorewn 
Inactivation efficiency* 
. � 4.5 5 7.5 4 
(log inactivation) 
Ratio 
UFA/SFA 0.081 0.748 1.312 2.167 
BCFAs:SCFAs 0.580 0.102 0.089 0.059 
SACFAs:LACFAs 0.218 0.180 0.186 0.101 
Fatty acid (% of total fatty acid) 
Laurie acid, 12:0 3.85 3.38 3.04 0.61 
Myristic acid, 14:0 5.94 5.87 3.18 2.77 
Palmitic acid, 16:0 33.75 27.78 12.00 13.55 
Palmitoleicacid,丨 6:1 1.39 12.70 29.23 36.03 
Oleic acid, 18:1 3.60 27.78 10.17 24.81 
Gamma-linolenic acid, 18:3 1.70 0.59 
* Standard deviation: <0.5 for all data 
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Figure 4.8 Induction of (A) SOD and (B) CAT activity under PCO among different 
bacterial species. Experimental conditions: Ti02 concentration = 100 mg/L, light 
source (intensity) = Fluorescent lamp (Visible light intensity of 5.295 mW/cm^), 
irradiation time = 45 min, agitation rate = 200 rpm. Each data point and error bar 
represents means and the standard deviations of independent triplicates respectively. 
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4.5 Regrowth ability test 
In order to assess the ability of the four selected bacteria to undergo regrow and 
repair after PCO treatment, 96 h incubation period was provided for the regrowth 
ability study. It was observed due to species variety to the response to PCO, 
different bacteria reached complete inactivation at different time, complete 
inactivation was achieved for E. coli K12, S. sonnei, A. alvinellae and P. 
phosphoreum under 24, 14，10 and 10 h irradiation respectively. After PCO, the 
reaction mixture was sampled and undergone Experiments 1 and 2 for promoting 
bacteria re-growth. Results indicated colony count (in cfu/mL) was below the 
detection limit after 96 hr incubation among the four studied bacteria (Table 4.6). 
Table 4.6 Regrowth ability after PCO on four selected bacteria. Expt. 1 = 500 |iL 
reaction mixture plated on the NA plates for incubation; Expt. 2 = 500 i^L reaction 
mixture transferred to 10% NB medium for incubation. Experimental conditions: 
P-25 concentration = 100 mg/L, fluorescent lamp irradiation = 5.295 mW/cm^ and 
initial cell density = 3 x 10^ cfu/mL. The experiment was performed in triplicates 
Bacteria E. coli K12 S. shigella A. alvinellae P. phosphoreum 
Time for complete 24 14 10 10 
bacterial inactivation 
by PCO (h) 
Regrowth Expt. 1 N.D*. N.D. N.D. N.D. 
ability Expt. 2 N.D. N.D. N.D. N.D. 
(cfu/mL) 
* N.D. = Not detectable 
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4.6 Disinfection niechanism(s) of fluorescent light-driven photocatalysis 
4.6.1 Atomic absorption spectrophotometry (AAS) 
The leakage of K+ was examined to determine the change in cell permeability along 
the PCO process. As shown in Figure 4.9，under the PCO treatment mediated by 
fluorescent light, it was observed all tested strains showed an immediate increase of 
K+ leakage along 180 min PCO reaction with different extend, these resultant K+ 
concentration, which was higher than that of the control with the presence of TiO: in 
dark (dark control), was remarkably parallel to the loss of cell viability (Figure 
I 
4.9B). For instant, for the most sensitive species, A. alvinellae showing the greatest 
leakage of K+ (net leakage of 1,550 [ig/L K+), demonstrated the highest rate of cell 
inactivation from PCO treatment (3-log net inactivation). The slight increase of K + i 
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Figure 4.9 (A) Leakage of K+ and (B) disinfection efficiency of PCO among the four 
selected bacteria. Experimental conditions: TiO: concentration = 100 mg/L, light 
source (intensity) = Fluorescent lamp (Visible light intensity of 5.295 mW/cm^), 
initial cell density = 3x10^ cfu/mL. Each data point and error bar represents means 
and the standard deviations of independent triplicates respectively. 
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4.6.2 Total organic carbon (TOC) analysis 
TOC analysis on PCO disinfection of E. coli K12 (freshwater bacteria) and P. 
phosphoreum (marine bacteria) were conducted (Figure 4.10). In solid phase 
analysis on E. coli K12, TOC level gradually dropped from 0.6 mg (9.055% of dry 
weight of cells) to 0 mg after 96 h PCO treatment, while TOC content showed a 
slight drop from 0.618 mg (8.118 % dry weight of cells) to 0.368 (4.18 % dry weight 
of cells) in dark control (data not shown) due to degradation of naturally dead cell 
debris without PCO treatment. While for P. phosphoreum, similar trend was 
observed. During 120 h PCO treatment, TOC contents continuously dropped from 
1.08 mg (9.23 % dry weight of cells) to 0 mg, while TOC contents also showed a 
minor drop from 0.978 mg (8.01 % dry weight of cells) to 0.716 (7.54 % dry weight 
of cells) in dark control. 
For liquid phase analysis, the time to reach zero TOC was much longer, TOC kept 
on increasing from T = 0 to T= 72 h reaction, and then gradually drop to 
undetectable TOC at 300 h (nearly 12.5 days) for E. coli K12. For P. phosphoreum, 
the trend was similar except the whole process was extended. It was noticed that 
TOC was increased until reached a peak at T=120 h and then dropped slowly until 
reaching to the initial concentration at 512 h (nearly 21 days) 
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Figure 4.10. The total organic carbon (TOC) content of E. coli K12 and P. 
phosphoreum under (A) liquid-phase and (B) solid-phase TOC measurement during 
PCO treatment. Experimental conditions: Ti02 concentration = 100 mg/L, light 
source (intensity) = Fluorescent lamp (Visible light intensity of 5.295 mW/cm^), 
initial cell density = 3x10^ cfu/mL. Each data point and error bar represents means 
and the standard deviations of independent replicates respectively. 
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4.6.3 Transmission Electron Microscopy (TEM): 
To study the structural changes along the PCO process, PCO reaction under 
fluorescent lamp irradiation was performed among the four tested bacteria. The 
initial cell density was adjusted to 10^ cfu/mL and the intensity of the fluorescent 
lamp irradiation used was 5.295 mW/cm^. The time intervals sampled for the 
micrographs were different among the four studied bacteria due to their varied 
susceptibility towards PCO attack. TEM sampling time for each bacterium was 
listed in Table 3.3. 
I 
From the micrographs obtained by TEM on the four tested strains, the degree of cell I 
damage proceeded with irradiation time. For E. coli K12, at the beginning of PCO 
reaction with i.e. at 0 h，intact cell structure with clear cell wall was observed in the 
micrograph. The dark black spots near to the bacterial cells were the Ti02 
photocatalyst. When PCO proceeded to 4 h, the cell wall structure was still intact 
and an electron translucent region appeared at the central portion of the cell while at 
that moment, the plate-count method showed a 3-log reduction in cell population 
under PCO process. After 16 h PCO reaction, in which 5.5-log bacterial inactivation 
was achieved, the electron translucent regions were more significant, besides, part of 
cell wall structure disappeared and some net-like structure was observed at the 
middle of the cell structure. Finally, complete bacterial removal was reached when 
irradiation time was prolonged to 52 h, at that time interval, only small number of 
cell structure was founded by TEM, it was noted that the cell morphology was 
complete disrupted, a portion of cell debris embedded with the photocatalyst and the 
absence of cell wall was detected in the TEM micrograph (Plate 4.1). 
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For S. sonnei (Plate 4.2), the structural changes along PCO were similar to that of E. 
coli K12 When the irradiation proceeded to 3 h, the integrity of the cell 
morphologies were changed from intact to more translucent region. While at 6 h 
PCO treatment in which 5-log inactivation was attained, intact cell wall was still 
being observed but more severe electron translucent regions with the presence of 
net-like structures were distinguished inside the cells, which meant that part of the 
intracellular matter was missed out from the cell. Lastly, when S. sonnei was 
completed inactivated by 16 h fluorescent irradiation, the bacterial structure was 
seriously distorted with the cell wall being disintegrated; electron translucent region 
was much larger and the net-like structure was hardly found. 
For the two marine bacteria (Plates 4.3 and 4.4), the morphological alteration 
happened at a faster pace and the irradiation time to reached complete bacterial 
inactivation was 10 h. It was noted the normal morphology of both bacteria 
remained intact at time = 0 h, then electron translucent regions and some net 
like-structures appeared at 3 and 5 h respectively for A. alvinellae and P. 
phosphoreum. The clear cell wall structure was still detected but cell region was 
paler than E. coli and S. sonnei, implying more electrons could pass through the cell, 
which in turn showing that the density of the intracellular constituents was lower. 
The electron translucent region for A. alvinellae and P. phosphoreum was even 
larger and the cell wall was slightly ruptured at 5 and 9 h irradiation respectively, at 
that time, 6.5-log reduction in bacterial population was recorded for both bacteria. 
Finally, similar to E. coli and S. sonnei, the cell structures were severely distorted 
with cell wall being greatly ruptured and more clear electron translucent parts being 
observed. Besides some cell debris were also appeared when complete bacterial 
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Plate 4.1 TEM micrographs ofE. coli K12 after (A) 0, (B) 4’ (C) 16 and (D) 52 h of 
PCO reaction. Experimental conditions: TiO: concentration = 100 mg/L, light 
source (intensity) = Fluorescent lamp (Visible light intensity of 5.295 mW/cm^), 
initial cell density = 3 x 10^  cfu/ mL, reaction volume = 60 mL 
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Plate 4.2 TEM micrographs of S. sonnei after (A) 0, (B) 3’ (C) 6 and (D) 16 h of 
PCO reaction. Experimental conditions: TiO: concentration = 100 mg/L, light 
source (intensity) = Fluorescent lamp (Visible light intensity of 5.295 mW/cm^), 
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Plate 4.3 TEM micrographs of A. alvinellae after (A) 0，(B) 3’ (C) 5 and (D) 12 h of 
PCO reaction. Experimental conditions: TiCh concentration = 100 mg/L, light 
source (intensity) = Fluorescent lamp (Visible light intensity of 5.295 mW/cm^), 
n 
initial cell density = 3x10 cfu/mL, reaction volume = 60 mL 
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Plate 4.4 TEM micrographs of P. phosphoreum after (A) 0, (B) 6，(C) 9 and (D) 12 h 
of PCO reaction. Experimental conditions: Ti02 concentration = 100 mg/L, light 
source (intensity) = Fluorescent lamp (Visible light intensity of 5.295 mW/cm^), 
initial cell density = 3 x 10^  cfu/mL, reaction volume = 60 mL 
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4.7 Chlorination 
4.7.1 Disinfection efficiency 
Figures 4.11 and 4.12 showed the disinfection ability of free chlorine from 
household bleach towards the four studied bacteria at initial cell density of 3x10^ 
cfu/mL using 1.5 to 4.5 mg/L free chlorine concentration. 
Generally, all four selected bacterial species were susceptible to chlorination and 
increasing chlorine dosage would result in increased cell loss. For E. coli K12, a 
slight drop in population (about 1-log inactivation) was observed at 1.5 and 2.5 
mg/L free chlorine, when it increased to 3.5 mg/L, a dramatic decrease in cell 
density (5.5-log inactivation) was noted and complete inactivation was achieved at 
4.5 mg/L free chlorine during 15 min exposure time, while for S. sonnei’ it was more 
sensitive to chlorine, it was noticed even 1.5 mg/L free chlorine could bring 4.5-log 
decrease in cell population. While complete cell removal was achieved at 15 min 
and 5 min at 2.5 and 4.5 mg/L free chlorine respectively. For A. alvinellae, it first 
demonstrated about 1-log inactivation at 1.5 mg/L free chlorine, then the cell density 
was gradually dropped and eventually complete cell inactivation was observed at 4.5 
mg/L free chlorine at 5 min. Finally, a similar decreasing trend of cell viability was 
noted for P. phosphoreum when chlorine concentration was raised form 1.5 to 4.5 
mg/L, again no bacterial count was detected at 4.5 mg/L free chlorine at 15 min 
To conclude, S. sonnei and P. phosphoreum was respectively the most sensitive and 
resistant species towards chlorination at the studied chlorine range, while the 
remaining two species were slightly inactivated at 1.5 mg/L and finally reached 
complete inactivation at 4.5 mg/L free chlorine at 5 min. 
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Figure 4.11 Disinfection efficiency of chlorination on (A) E. coli K12, (B) S. sonnei 
at different concentration of free chlorine. Experimental conditions: Initial cell 
density = 3x10^ cfu/mL, reaction volume = 50 mL, agitation rate = 200 rpm. Each 
data point and error bar represents the mean and the standard deviations of 
independent triplicates respectively. 
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Figure 4.12 Disinfection efficiency of chlorination on (A) A. alvinellae and (B) P. 
phosphoreum at different concentration of free chlorine. Experimental conditions: 
Initial cell density = 3x10^ cfu/mL, reaction volume = 50 mL, agitation rate = 200 
rpm. Each data point and error bar represents the mean and standard deviations of 
independent triplicates respectively 
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4.7.2 Transmission Electron Microscopy (TEM) 
As chlorination and PCO process both exerted their damaging effect by means of 
oxidation, TEM technique was performed in order to see if they shared similar 
inactivation mechanism. In this section, the sub lethal effect on the freshwater 
bacteria, E. coli K12 and the marine bacteria, P. phosphoreum were studied. Plate 
4.5 and 4.6 illustrated the TEM results for E. coli K12 and P. phosphoreum using 
the dosages of free chlorine of 1.5，2.5 and 3.5 mg/L, and 2.5, 3.5 and 4.5 mg/L 
respectively. The time interval for sampling was 5 and 15 min for the studied dosage 
range. 
For E. coli K12, when using 1.5 mg/L, the cell structure was slightly altered that a 
tiny portion of electron translucent region appeared at the peripheral region of 
bacterial cell. At that moment, only a slight drop of 1-log inactivation was achieved. 
This translucent region was appear larger when concentration increased to 3.5 mg/L, 
while the dark electron region at the centre became clear at 15 min exposure to 3.5 
mg/L free chlorine, in which nearly 5-log bacterial reduction was noted. However, 
within the dosage range of 1.5 to 3.5 mg/L, the bacterial shape was maintained and 
clear intact cell wall was still observed. 
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For P. phosphoreum, under 2.5 mg/L free chlorine that achieved 2-Iog decrease in 
cell population, the cytoplasmic regions appeared lighter than the control containing 
only bacteria in saline solution (Plate 4.1 OA) indicating the missing of some 
intracellular compositions. When the concentration of free chlorine and exposure 
time increased, the electron translucent regions emerged from the central and 
extended to the surroundings, in addition, some filament-like structure with intact 
cell wall was observed. Later, when the chlorination was prolonged to 15 min using 
4.5 mg/L, at that time, complete inactivation of P. phosphoreum was reached, the 
I 
translucent region was more apparent, while the filament-like structure diminished . 
and cell wall began to crumble. 
By studying the sub-lethal effect of chlorination towards the two bacteria it was 
concluded that the disinfection mechanism of chlorination was similar to PCO 
process evidenced by the appearance of electron translucent region and net-like 
structure inside the cytoplasmic region, while the disintegration of cell wall was 
observed as a secondary phenomenon for the bacterial inactivation. It was predicted 
that if the exposure time and concentration of chlorine was further increased, the cell 
morphology was eventually distorted with a more severe damage of cell wall 
structure. 
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Plate 4.5 TEM micrographs of E. coli K12 using 1.5 mg/L free chlorine after (A) 5 , 
(B) 15 min, 2.5 mg/L free chlorine after (C) 5 , (D) 15 min and 3.5 mg/L free 
chlorine after (E) 5 , (F) 15 min. Experimental conditions: initial cell density = 3 x 
10® cfu/mL, reaction volume = 60 mL 
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Plate 4.6 TEM micrographs of P. phosphoreum using 2.5 mg/L free chlorine after 
(A) 5，（B) 15 min, 3.5 mg/L free chlorine after (C) 5，(D) 15 min and 4.5 mg/L free 
chlorine after (E) 5 , (F) 15 min. Experimental conditions: initial cell density = 3 x 
10® cfu/inL, reaction volume = 60 mL 
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4.8 UV-C irradiation 
4.8.1 Disinfection efficiency of UV-C irradiation 
In this section, four different UV-C intensities (0.103, 0.281, 0.529 and 0.968 
mW/cm^) were selected to study the effect of UV-C irradiation on the four bacterial 
strains. Results indicated a linear rising trend of bacterial inactivation with the UV-C 
intensities among the four bacteria (Figures 4.13 and 4.14). 
Besides, when comparing the viable counts with respect to the chosen UV-C 
intensities of the four bacterial species, it was noted that A. alvinellae was more 
susceptible to the UV-C intensity, followed by P. phosphoreum, E. coli K12 and S. 
sonnei. Taking UV-C intensity at 0.529 mW/cm^ as an example, the time required 
for total removal of bacterial cells of A. alvinellae, P. phosphoreum, E. coli K12 and 
S, sonnei were 15, 30, 45 60 min respectively. 
4.8.2 Transmission electron microscopy 
Plates 4.7-4.10 show the TEM findings of UV-C irradiation on the morphological 
changes among the four studied bacteria. The initial cell density was adjusted to 10^ 
cfu/mL and the selected UV-C intensity for TEM study was 0.529 mW/cm^. 
It was noted that generally for the cells treated with UV-C irradiation, the cell 
structure remained intact with clear cell wall when the irradiation proceeded. Even 
when there was no detectable bacterial count using plate-count method, all four 
selected bacteria did not show any structural changes. 
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Figure 4.13 Disinfection efficiency of UV-C irradiation on (A) E. coli K12, (B) S. 
sonnei at different UV-C intensities. Experimental conditions: Initial cell 
concentration = 3x10^ cfu/mL, reaction volume = 50 mL, agitation rate 二 200 rpm. 
Each data point and error bar represents the mean and standard deviations of 
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Figure 4.14 Disinfection efficiency of UV-C irradiation on (A) A. alvinellae and (B) 
P. phosphoreum at different UV-C intensities. Experimental conditions: Initial cell 
concentration = 3x10® cfu/mL, reaction volume = 50 mL, agitation rate = 200 rpm. 
Each data point and error bar represents the mean and standard deviations of 
independent triplicates respectively 
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Plate 4.7 TEM micrographs of coli K12 after (A) 0, (B) 10，(C) 30 and (D) 90 
min of UV-C irradiation. Experimental conditions: light source (intensity) = UV-C 
lamp (UV-C intensity of 0.529 mW/cm^), initial cell density = 3 x 10^  cfu/mL, 
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Plate 4.8 TEM micrographs of sonnei after (A) 0，(B) 30’ (C) 60 and (D) 120 min 
of UV-C irradiation. Experimental conditions: light source (intensity) = UV-C lamp 
(UV-C intensity of 0.529 mW/cm^), initial cell density = 3 x 10^  cfu/mL, reaction 
volume = 60 mL 
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Plate 4.9 TEM micrographs of A alvinellae after (A) 0, (B) 3’ (C) 6 and (D) 30 min 
of UV-C irradiation. Experimental conditions: light source (intensity) = UV-C lamp 
(UV-C intensity of 0.529 mW/cm^), initial cell density = 3x10^ cfu/mL, reaction 
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Plate 4.10 TEM micrographs of P. phosphorewn after (A) 0, (B) 15, (C) 30 and (D) 
45 min of UV-C irradiation. Experimental conditions: light source (intensity)= 
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5. Discussion 
5.1 Screening of UV-A resistant freshwater and marine bacteria 
After performing the UV-A resistant test and identifying by MIDI Sherlock System 
and 16S rRNA gene sequence analysis, two freshwater bacteria, named as 
Escherichia coli K12 (Plates 1.1 and 1.2) and Shigella sonnei (Plates 1.3 and 1.4), 
and two marine bacteria, named as A. alvinellae (Plates 1.5 and 1.6) and P. 
phosphoreum (Plates 1.7 and 1.8)，were selected for this study. TiOz photocatalyst 
requires the photoexcitation by near UV region (i.e. \ < 385 nm) to generate the 
electron-hole pair as well as ROS like •OH, •O!-，H2O2 etc. As a result, UV-A 
resistant strains were chosen in order to study the disinfection efficiency of PCO 
under UV-A and fluorescent light irradiation regardless of the impact of light 
sources alone. Besides, the selected freshwater and marine bacteria are commonly 
found in wastewater and marine environment respectively, therefore they are 
representable for real application in water treatment in wastewater and marine 
environment. 
5.2 Comparison of PCO coupled with UV-A lamps and fluorescent lamps 
Control experiments (Figures 4.1 and 4.2) showed that the four selected bacteria 
were resistant to UV-A and fluorescent light under the intensity employed in this 
project. Moreover, light irradiation, saline solution and the reaction mixture alone 
did not affect the survival of four bacterial species. Therefore, all the studied species 
were suitable for the PCO study using different light sources. 
Firstly PCO disinfection towards the four studied bacteria was performed using the 
typical light source, UV-A irradiation. Result indicated that all the bacterial strains 
were susceptible to UV-A-driven PCO (Figure 4.3A). As a result, PCO treatment 
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using fluorescent lamp as the alternative light source was carried out to study its 
feasibility of bacterial inactivation (Figure 4.3B). When comparing the two light 
sources, using fluorescent light as the irradiation source yielded a lower abatement 
rate for bacterial inactivation than UV-A irradiation, this result was reasonable as 
the UV-A intensity for UV-A lamp is almost 22 times higher than that of fluorescent 
lamp, by extending the irradiation time to 180 min, similar bacterial inactivation was 
achieved indicated that the amount of UV-A irradiation emitted from fluorescent 
lamps was sufficient to excite TiOz to generate enough •OH for attacking microbial 
cells. 
Though energy expenditure was the same for both UV-A lamps and fluorescent 
lamps (i.e. both using 15 W light sources), also the rate of inactivation by 
fluorescent lamps-driven PCO is slower than that of UV-A lamps, it should be clear 
that using UV-A certainly posed health threat e.g. blindness and skin cancer to 
human (Wolfe, 1990). Besides the cost of utilizing UV-A as light source was much 
more expensive (nearly 16 times) than fluorescent lamps. In fact, by extending the 
irradiation time 3 to 4 times long than that under UV-A lamps, similar disinfection 
rate could be ultimately achieved. To sum up, using fluorescent lamp would be more 
environmental-friendly, practical and commonly available, so it could demonstrate 
the feasibility and applicability of this room lighting source for water disinfection. 
However, experimental conditions should be further optimized to maximize its 
disinfection efficacy. 
The order of the sensitivity towards PCO under fluorescent light irradiation is A, 
alvinellae, S. sonnei followed by E. coli K12 and P. phosphoreum. Possible reasons 
for different bacterial sensitivity toward PCO were addressed in Section 5.6 
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5.3 Effect of initial pH 
Figures 4.4 and 4.5 showed that acidic pH enhanced the PCO efficiency for bacterial 
disinfection. There were several reasons for this phenomenon. First, as suggested by 
Cho et al. (2004)，the isoelectric point of photocatalyst Ti02 is around 6.3，when the 
environment pH < 6.3，the net surface charge of TiO: becomes positive while it 
becomes negative when environment pH >6.3, bacterial surfaces are in general 
negatively charged, for negatively charged groups like carboxylates, polysaccharides 
and phosphonates generally predominate the positively charged groups like amides, 
peptides and proteins (Gumy et al” 2006). Based on this electrostatistic ground, at 
pH 5, the electrostatic attraction between the negative charge bacteria and positive 
charge TiO! will be stronger, providing a stronger affinity for the photocatalyst to 
adsorb on the bacteria surface, as a result, the contact surface area for hydroxyl 
radicals to attack the bacteria increases, leading to an enhancement of bacterial 
inactivation. Second, pH would also affect the rate of PCO reaction. According to 
Fu et al. (2005)，the concentration of hydroxyl radicals (.OH) and hydrogen ion (H+)， 
are linearly correlated as showed by the following equations (Legrini, 1993): 
Ti02 (catalyst) + OH" + 2H+ + . ( V + 3 .OH + TiOz (catalyst) Equation 5.1 
[•0H]3 = KeKw [H+] [-02"] Equation 5.2 
Thus the photocatalytic oxidation rate for bacteria is more rapid at acidic pH. 
Third, different bacterial species would have their own structural components e,g, 
cell wall structure, bacterial surface charge against PCO reaction. Results 
demonstrated for P. phosphoreum, the inactivation efficiency at pH 5 was more or 
less the same as that of unadjusted pH 5.8, while for A. alvinellae, which was the 
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most susceptible species towards PCO disinfection, showed no change in 
disinfection efficiency when pH ranged from 5 to 8. One possible reason might be 
that the role of electrostatic interaction between the cell surface and TiO: surface 
was less significant in determining the overall photocatalytic activity owing to the 
weak adsorption affinity or the relatively neutral charged bacterial surface. 
To conclude, it was suggested that generally in real wastewater treatment, initial pH 
could be adjusted to slightly acidic to maximize the disinfection efficiency and 
lower the expense on the irradiation source. 
5.4 Effect of reaction temperature 
From figures 4.6 and 4.7，the rate of PCO disinfection among the four selected 
bacteria generally increased with reaction temperature. According to Rincon and 
Pulgarin (2003)，it was suggested that heating enhanced photocatalytic inactivation 
of Gram-negative coliforms, while similar results were found by Cho et al (2004), 
who showed a faster inactivation rate of E. coli at higher temperature. It is well 
known that photochemical reaction is temperature independent, thus higher 
temperature would not improve the generation of •OH, instead, it would rather 
change the morphological and physiological state of bacteria, which boosted the 
microbial susceptibility towards PCO attack (Cho et al” 2004). 
Besides, microorganisms usually overcome non-optimal temperature by modifying 
the fatty acid composition, thus the property of lipid membrane (Sinensky, 1974; Li 
et al., 2002). It was suggested higher temperature would increase membrane fluidity, 
thus enhancing the permeability of ROS into intracellular compartment, which in 
turns augmented disinfection efficiency (Aricha et al., 2004). 
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On the other hand, marine bacteria were more sensitive to temperature change and 
showed a higher resistance to the oxidative attack at cold temperature, there were 
two possible reasons. Firstly microorganisms actively live in marine environment 
commonly possess a psychrotolerant property (Flodgaard et al., 2004), this property 
enables marine bacteria to better adapt and resist to colder environment than that of 
freshwater bacteria. Moreover, marine-living microorganisms are used to adapt to a 
more stable and low temperature water habitat; so temperature deviated greatly from 
their natural habitat (e.g. increasing temperature to 37°C) would enhance their 
sensitivity to oxidative attack, resulting in a greater inactivation rate. 
5.5 Effect of growth phase 
Numerous reports have been focused on the effect of growth phases towards the 
bacterial susceptibility under different stress condition. However, the results were 
conflicting and no general conclusion has yet been found. Some findings suggested 
a higher bacterial susceptibility towards stress condition such as pressure, 
hyperosmolarity, acidity, was found in exponential phase (Kadavy et al., 2000; 
Jydegaard et al.’ 2001)，others revealed similar sensitivity in stationary and 
log-phased cells (Wilson and Pratten, 1995; Komerik and Wilson, 2002), while 
Keller and Maxcy (1984) observed diverse patterns of survival response to UV 
irradiation under different growth phase towards different bacteria. 
In our experiment, bacteria of different growth stages illustrated diverse survival 
response under oxidative stress condition. In different growth stages, specific 
stress-resistant gene would be expressed at different phases and extend (Rincon and 
Pulgarin, 2004b), for instance, rpoS (katF) sigma factor, a stationary phase-induced 
gene conferring on Salmonella typhimurium and Escherichia coli, was responsible 
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for its marked resistant to stress condition e.g. oxidation, nutrient scarcity, heat 
shock etc (Munro et al, 1995). Moreover, different bacteria would possess their own 
recovery or repair features in different phases. Survival response was influenced by 
various factors, such as the population involved to repair damage DNA, the 
adequacy of nutrient, the change in cellular property or enzymatic activity (e.g. 
repair enzymes for DNA repair) (Morton and Haynes, 1969). The proportion, 
distribution and combination of all these features would be varied under different 
growths stages, thus contributed to its diverse pattern of inactivation response 
among studied bacteria. 
From the results, we can assume that other than temperature, pH, bacterial growth 
stages would also affect the efficiency of photocatalytic treatment. In real 
application, a pool of assorted bacteria with different growth phases would exist in 
wastewater, a more technical and integrated PCO disinfection system with optimal 
operation time and dose of irradiation and photocatalyst was crucial to ascertain the 
efficacy of the bacterial inactivation by PCO process. 
5.6 Possible affecting bacterial sensitivity towards PCO 
5.6.1 Superoxide dismutase (SOD) and catalase (CAT) activities 
To investigate the possible reasons for different bacterial sensitivity towards PCO 
reaction, two intracellular enzymes, known as catalase (CAT) and superoxide 
dismutase (SOD) were studied among four selected bacteria. CAT is an antioxidant 
enzyme catalyzing the decomposition of hydrogen peroxide (H2O2) to water (H2O) 
and oxygen (O2), while SOD is a metalloenzyme catalyzing the dismutation of 
superoxide anion radical (•O2") into hydrogen peroxide (H2O2) and oxygen (O2). 
They are the common enzymes responsible for defending the oxidative stress from 
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environment. Since SOD and CAT are enzymes protecting bacteria from oxidative 
stress, bacteria with higher SOD and CAT activity can defense against •OH attack 
from PCO to a greater extend (St. John and Steinman, 1996; Guchte et al., 2002). 
Except P. phosphoreum, the remaining three bacteria showed that the bacterial 
resistance was parallel to the SOD and CAT activity. This confirmed that SOD and 
CAT would exert their antioxidative roles along PCO reaction. P. phosphoreum, 
which was the most resistant species towards PCO disinfection, contained relatively 
lower SOD and CAT activity. This suggested that SOD and CAT were only one of 
the possible factors affecting the survival response towards oxidation. 
In Table 4.4, P. phosphoreum and S. sonnei contained same CAT activity (i.e. 0.48 
U/mL), even S. sonnei possessed higher SOD activity, it was less resistant than P, 
phosphoreum. This suggested that the role of SOD might be less influential than that 
of CAT. One possible reason might be the role of SOD was to dismutate •O2" into 
H2O2 and O2. However, H2O2 itself was also regarded as the powerful oxidant to 
attack bacterial cells, or it would be further oxidized to generate •OH which exerted 
more powerful damages to the microbial cells. While the role of CAT was to convert 
all H2O2 into H2O and O2, thus eliminating the occurrence of H2O2 and •OH. 
Consequently, even P. phosphoreum possessed lower SOD activity, but when it had 
relatively high CAT activity, i.e. 0.48 U/mL which was slightly slower than that of E, 
coli K12 i.e. 0.58 U/mL, it was sufficiently capable of quenching H2O2 into H2O and 
O2, thus preventing the formation of -OH as well. To confirm this hypothesis, 
further investigation on the SOD and CAT activities together with their 
corresponding PCO sensitivity on more bacterial strains should be performed 
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5.6.2 Superoxide dismutase (SOD) and catalase (CAT) induction 
Results regarding the SOD and CAT induction revealed these two antioxidative 
enzymes would be inducible under oxidative stress condition (e.g. PCO) so as to 
defend themselves from photocatalytic attack of •OH. P. phosphoreum showed a 
decrease in CAT activity after 30 min PCO disinfection would be attributed by (1) a 
net devastating effect on induced CAT by oxidative attack and (2) oxidative damage 
on enzymatic function overwhelming the production of CAT. 
5.6.3 Fatty acid (FA) profile 
Majority of fatty acids in bacteria were found in cytoplasmic membrane and outer 
membrane of cell wall. It is generally reported that the change in lipid composition 
by the adjustment of fatty acid arrangement enable microorganism to overcome the 
environmental fluctuation (Guerzoni et al.’ 2001). 
Fatty acid profiles of four selected bacteria were investigated. Results revealed the 
two marine bacteria {P. phosphoreum and A alvinellae) comprised higher ratio of 
unsaturated FA in lipid structure than that of freshwater bacteria {E. coli and S. 
sonnei). Marine habitat in general is colder than freshwater habitat, in order to adapt 
a lower temperature environment; marine bacteria preserved their membrane fluidity 
by increasing the degree of unsaturation in FA composition. This behavior is one of 
the conserved adaptation responses commonly found in marine bacteria (Suutari & 
Laakso, 1994). Previous studies have proposed that bacteria would reduce the 
membrane fluidity by increasing the branching, unsaturation level and shortening 
the acyl chain length of fatty acid so as to prevent the penetration of undesirable 
molecules e.g. ROS from environmental stress (Guerzoni et aL, 2001; Li et al., 2002 
and Aricha et aL, 2004). Our results were consistent to this theory. Although a 
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higher ratio of unsaturated fatty acids was found in marine bacteria, they usually had 
a lower ratio of branching and short acyl chain fatty acids than freshwater bacteria. 
This phenomenon was believed to be a compromise adaptation between the 
conserved fluidity and the ability to resist external environmental stress. This 
indicated that the saturation level, acyl chain length and branching level would be 
also responsible in determining the lipid content in the membrane structure. 
As mentioned previously, the desaturation level, the extend of branching and the 
length of acyl chain length of FA could determine FA composition, thus the 
biophysical features of membrane structure (Aricha et al, 2002). To investigate their 
roles in membrane structure, thus their influence on defending environmental stress 
such as oxidative stress induced by PCO, these three ratio were calculated and 
compared with the susceptibility of four selected bacteria towards PCO disinfection. 
From our result, except P. phosphoreum, a linear relationship between the 
inactivation response under PCO and the UFA/SFA could be drawn. Besides, when 
compared less sensitive S. sonnei and more sensitive A. alvinellae, they both 
possessed similar ratio of BCFAs/SCFAs and SACFAs/LACFAs, but the ratio of 
UFA/SFA was nearly double in A. alvinellae, revealing the unsaturation of FA was 
more significant in affecting the bacterial resistance towards oxidative stress. Cheng 
et al. (2007) suggested unsaturated fatty acids were more prone to be peroxidized 
than saturated one. Therefore, bacteria having higher content of unsaturated FA in 
their lipids were easier to be attacked by ROS. 
On the other hand, similar trend could not be observed in the ratio of BCFAs/SCFAs 
(branching) and SACFAs/LACFAs (acyl chain length), indicating that the level of 
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branching and FA chain length were not strongly correlated with the disinfection 
rate of PCO. 
In addition, among the six common conserved FA in the four studied bacteria, it was 
noted gamma-linolenic acid (18:3 w6c) was generally linked with the susceptibility 
of PCO attack; bacteria containing a higher percentage of this unsaturated fatty acid 
are generally more sensitive to PCO inactivation. Fatty acids are the major 
constituents in membrane system (Gottschalk, 1979). This long chain fatty acid with 
three double bonds might be more prone to lipid peroxidation, by providing more 
favorable sites for -OH attack, the membrane system would be easily disrupted and 
damaged. 
In fact fatty acid composition not only influenced the membrane fluidity, but also 
controlled the intracellular and extracellular exchange and diffusion of material, the 
attachment and recognition of enzymes or other chemical messengers, energy 
transduction etc (Hadley, 1989)，thus FA composition in membrane system is a 
complicated and vital study as it would affect the survival response under oxidative 
attack in a diverse way. 
5.6.4 Cell wall structure 
Another possible reason accounting for the sensitivity difference among the four 
bacteria towards PCO was related to the thickness of cell wall. As illustrated from 
TEM images in Section 4.8.3，it was noted that the most sensitive strain A. alvinellae 
have a relatively thin, slack and undistinguished cell wall structure with appendages 
on the outermost layer (Plates 4.3 and 4.9). Besides in the study of K+ determination 
in Section 4.8.2，A, alvinellae showed the most severe leakage of K+, implying that 
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the membrane or the cell wall structure might be thinner or more fragile than the 
other three bacteria. 
On the other hand, the other three bacteria, which were more resistant than A. 
alvinellae towards PCO, were usually with thicker cell wall. For instance, the most 
resistant strain P. phosphoreum has a clearer and thicker distinguished cell wall 
(Plates 4.4, 4.6 and 4.10) than A. alvinellae. 
Though the cell wall itself would not contribute to cell death from PCO and cell 
damages was regarded as the secondary phenomenon of photocatalysis (Saito et al., 
1992; Huang et al., 2000), the inverse relationship between the thickness and 
complexity of cell wall with the ease of killing was published (Kiihn et al. 2003; 
Lonnen et al,’ 2005). Furthermore, Villen et al. (2006) have addressed the protective 
role of lipopolysaccharide layer (LPS) in outer membrane of Gram-negative bacteria 
cell wall in defending the ROS damages. LPS layer served as a barrier to weaken the 
penetration of ROS into the vital cell membrane. Therefore, the difference in LPS 
layer among the four selected Gram-negative bacteria would also account for their 
susceptibility difference towards PCO process. However, further investigation 
should be conducted to confirm this relationship. Since PCO was a random and 
non-selective process (Sichel et al., 2007), it was supposed a thicker cell wall itself 
could serve as a target site for •OH attack and consumed a portion of -OH, thus 
more or less protecting the inner cytoplasmic membrane and intracellular 
components from PCO attack. 
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5.6.5 Bacterial size 
Bacterial size would also be one of the factors affecting the inactivation efficiency 
of PCO process. Among the four selected bacteria, the most sensitive species A. 
alvinellae had the smallest size of 1 |am (diameter) x 2.0-3.0 |im (long) (Section 
1.1.5.3)，and appeared as smallest under TEM images (Plates 4.3 and 4.9). While the 
more resistant species P. phosphoreum and E. coli K12 generally have the size of 
0.8-1.3 (wide) x 1.8-2.4 um (long) and 1.1-1.5 \im (diameter) x 2.0-6.0 \im (long) 
respectively (Sections 1.1.5.1 and 1.1.5.4) which are bigger than the more sensitive 
strains i.e. S” sonnei and A. alvinellae. Besides, under the TEM study, P. 
phosphoreum was viewed as the largest among the four selected bacteria. This 
finding is reasonable as when the size of bacteria was smaller, the surface area to 
volume ratio contacting with the -OH was larger, thus making them more prone to 
the oxidative damage by PCO. 
5.6.6. Other possible factors 
There might be other factors contributing to the bacterial susceptibility towards 
oxidative stress, For instance, other than SOD and CAT, there were other enzymes 
involved in defending the oxidative stress from environment, such as glutathione, 
peroxidase, caroteniod etc. (Harris et ai, 1992; Lee et al., 2003). Bacteria might 
contain these kinds of enzymes or proteins other than CAT and SOD to defend 
oxidative stress. Moreover, fluidity, shape and complexity of the cell wall or cell 
membrane, plus the surface charge, growth phase and nutritional status of bacteria 
might affect the susceptibility towards the attack of ROS (Kiihn et al., 2003). 
Further investigation on these mentioned factors was required to identify the 
causative factors contributing to the diverse survival pattern among bacterial 
species. 
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5.7 Bacterial regrowth test 
It is well-known that bacteria and other microorganisms would undergo DNA repair 
by a process known as reactivation after being damaged by ultraviolet (UV) 
radiation (Oguma, et al., 2002). Two recovery processes: dark repair and 
photoreactivation are known to exist in bacteria (Rincon and Pulgarin, 2004b; 
Jubelin et al” 2005). The former process requires nutrient, other than light to repair 
damaged DNA, while the latter one needs visible light to repair their DNA. 
In this part, regrowth test was conducted to evaluate the effectiveness of bacterial 
disinfection by PCO process. Different bacteria reached total inactivation upon PCO 
at different irradiation time, indicating their intrinsic repair response and sensitivity 
towards oxidative attack were diverse; at the same time, demonstrating that TiO: 
illuminated by fluorescent light would produce destructive oxidative species which 
brought severe and lethal bacterial damage. Here, a term known as effective 
disinfection time (EDT) was introduced (Rincon and Pulgarin, 2004b). It was 
defined as the time required for complete bacterial inactivation without regrowth in 
a subsequent dark period for 96 h. it was observed that EDT was obtained for the 
fluorescent light-mediated photocatalytic disinfection among the studied bacteria. 
EDT for E. coli K12, S. sonnei’ A. alvinellae and P. phosphoreum were 24，14，10 
and 10 h respectively. Following 96 h recovery period, undetectable bacterial count 
for all tested bacterial strains revealed photocatalytic disinfection had led to 
irreversible damage to bacteria, or brought the damaged bacteria to a state of "viable 
but non-culturable" state (VBNC), which meant that bacteria were unable to return 
to the culturable state unless favorable condition was provided (Dunlop et al., 2002). 
From these results, it illustrated the photocatalytic system utilizing fluorescent light 
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would not result in bacterial recontamination, thus was a safe and effective 
disinfection method in real water treatment. 
It was noticed that although the time for complete inactivation by PCO might 
require 10-24 h among the four studied bacteria, the cell density used was 10^ 
cfu/mL which is almost rare in real situation. To apply PCO practically in the local 
wastewater treatment, a better reactor design and optimization of experimental 
conditions were essential to effectively disinfect the local wastewater. 
5.8 Disinfection mechanisms of fluorescent light-driven photocatalysis 
5.8.1 Atomic absorption spectrophotometry (AAS) 
Virtually K+ exists in bacteria and involves in the regulation of polysome content 
and protein synthesis (Hu et al” 2006). It was clearly noted any damage in the 
membrane structure would definitely result in the leakage of K+，thus finally 
contribute to cell dysfunction or death. PCO oxidized the cell and membrane by 
lipid peroxidation (Saito et al, 1992; Sunada et al, 2003). Results verified PCO 
treatment driven by fluorescent lamps would cause permeability change in outer and 
cytoplasmic membrane, as evidenced by the leakage of K+, resulting in the loss of 
cell viability. During PCO process, highly reactive oxidative species (ROS) such 
as •OH, •O2" would be generated and directly attack the outer and cytoplasmic 
membrane, leading to the leakage of intracellular material e.g. K+, from the 
disrupted membrane. Consequently, bacterial cells would be suffered from 
inactivation or even death. 
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5.8.2 Total organic carbon (TOC) analysis 
As firstly reported by Jacoby et al. (1988)，complete oxidation of organic matter in 
bacterial cell into carbon dioxide could be achieved by photocatalysis. To 
quantitatively study the level of mineralization of bacterial cell by photocatalytic 
oxidation, total organic carbon (TOC) analysis on the freshwater (FW) and marine 
(SW) bacteria was carried out. As the organic compound in bacterial cell is insoluble, 
solid phase TOC was performed to directly investigate the change in carbon content 
inside bacteria. Both E. coli K12 (FW) and P. phosphoreum (SW) showed a 
decrease of TOC content along the PCO reaction and reached complete removal in 
total organic carbon at 96 h and 120 h respectively. This proved that PCO 
disinfection could lead to complete oxidation of organic matter in freshwater and 
marine bacterial cells. In aqueous phase TOC analysis, we aimed at studying the 
change in TOC level in the reaction mixture; it was interesting that the bell-shaped 
TOC trend in aqueous medium was observed. The initial surge of TOC level was 
mainly due to the partial oxidation of large organic molecules into smaller dissolved 
organic carbon (DOC), while the TOC was eventually dropped to zero due to the 
complete mineralization of all organic matter including DOC into carbon dioxide 
that released from the reaction mixture. These result matched with the findings in 
Cheng et al. (2007), proving that mineralization of bacterial cell by PCO did occur. 
It was also observed the inorganic carbon (IC) was undetectable and had no 
significant change in solid phase and aqueous phase respectively. This might be 
explained by the inorganic carbon inside bacterial mass is too small to be significant 
and the concentration of carbon dioxide evolved in the aqueous media is too low. 
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Moreover, it was noted the time needed for total bacterial mineralization was much 
longer than that for complete inactivation by PCO. Though cell viability was 
entirely lost by the attack of •OH, organic matter inside the bacteria was not 
completely mineralized at the same time. There were two possible reasons; firstly, 
though bacteria were completely inactivated, it may not necessarily be completely 
degraded. This suggested that the chief root causes of inactivation might be resulted 
from the damage of membrane structure as well as the leakage and degradation of 
vital intracellular compounds (Saito et al” 1992; Huang et al., 2000; Dunlop et al., 
2002). In addition, the presence of recalcitrant organic compounds in the mixture 
would also prolong the time to reach complete removal of organic matter inside 
bacteria (Cheng et al., 2007). 
Bacterial mineralization is a vital index indicating the self-cleaning efficiency for 
water disinfection. From the result obtained, PCO disinfection driven by fluorescent 
light and TiOi possessed the self-cleaning property. Though it required a long time 
to achieve complete mineralization of organic compounds, it was a clean and safe 
process as it did not require extra steps to separate the inactivated cell debris from 
the treated water. It also makes the collection and reuse of photocatalyst easier. 
5.8.3 Transmission electron microscopy (TEM) 
In order to study the structural changes of the bacterial cells during different stages 
of PCO, chlorination and UV-C irradiation, and thus understanding their inactivation 
mechanisms, transmission electron microscopy (TEM) was performed. It is a kind of 
imaging technique which a beam of electron is focused onto a specimen causing an 
enlarged version to appear on a fluorescent screen or photographic film layer. It has 
greater resolution power and better improvement in depth of vision than light 
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microscope as the electon beam has wavelength far smaller than that of light. 
Sample quality can be enhanced by stains that made of compounds with heavy 
metals as it can selectively deposit heavy atoms in the sample, the dense electron 
clouds of the heavy atoms interacting strongly with the electron beam and thus 
enhancing the structural detail. Moreover, the sample must be of ultra-thin sections 
of 70 nm so as to allow the vision of image (Hayat, 1985). 
Since TEM results were similar for the four studied bacteria, a general overview of 
the morphological changes along PCO reaction was given first. Before PCO process, 
it was observed that the cell structure remained intact, indicating the bacteria had not 
yet damaged (Plates 4.1-4A). Once PCO was started, the degree of cell damage 
proceeded with time. It was observed that PCO damage would contribute to the 
leakage of intracellular component out from the cell or degradation of organic matter 
inside the cytosol as evidenced by the appearance of electron translucent regions and 
some net-like structure (Plates 4.1-4B and 4.1-4.4C), followed by the enlargement of 
translucent regions, rupture of cell wall and collapse of bacterial structure when 
irradiation time extended to reach total bacterial inactivation (Plates 4.1-4D). 
The TEM images matched with the inactivation mechanism proposed by previous 
researchers. Maness et al. (1999) pointed out that lipid peroxidation on membrane 
structure contributed to the success of PCO disinfection. Cheng et al. (2007) have 
pointed out during PCO process, -OH generated from the photoexcitation of electron 
might first pierced the outer membrane of cell wall by oxidation, and form tiny holes 
which facilitate the entry of ROS through the thin petidoglycan layer and finally 
attack the more vital membrane structure by lipid peroxidation. Since only tiny holes 
were formed on the cell wall at the initial stages, the cell wall structure was viewed 
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intact from TEM images. The observation of intact cell wall during the early stage 
of PCO process also showed that cell wall itself would not attribute to cell 
inactivation. One possible reason was the presence of certain repair mechanism in 
cell wall structure (Huang et al., 2000). This agreed with Saito et al. (1992), Sunada 
et al. (1998) and Huang et al. (2000) that the primary root cause for bacterial 
inactivation was related to the disruption of cytoplasmic and outer membrane by 
oxidative damage while the cell wall destruction was a secondary phenomenon of 
PCO. 
Furthermore, when PCO reaction proceeded, enlargement of electron translucent 
area and filament-like structure were observed from the TEM images, meaning that 
the intracellular matter was continuously missed out from the cell. This observation 
was well matched with previous studies that significant disorder in membrane 
permeability attributed from lipid peroxidation of membrane promoted the leakage 
of significant intracellular component such as enzymes, DNA and essential metal 
ions which made them even more prone to the oxidative attack by ROS, or it 
promoted a faster penetration of ROS through the disrupted membrane and directly 
oxidized the organic components inside the cellular compartment (Huang et al” 
2000; Dunlop et al, 2002 and Sunada et al” 2003). Saito et al. (1992) also proposed 
that the lipid peroxidation of polyunsaturated phospholipids components, resulting 
in the damage of the permeable membrane followed by rapid leakage of potassium 
ion (K+). In Section 4.6.2, four tested strains showed an immediate increase of K+ 
leakage along 180 min PCO reaction, which were remarkably parallel to the loss of 
cell viability. The result therefore was compatible with this theory. All forms of life 
have membrane structure composed of lipid structure with various degree of 
unsaturation. 
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Diverse functions e.g. semipermeability, respiration, oxidative phosphorylation 
reaction depend on intact membrane structure (Maness et al 1999), so any damage 
and change in membrane would eventually result in cell inactivation or even death. 
Other unknown mechanism might need to be studied further. Since TEM can only 
show morphological structure, there might be some physiological changes that 
cannot be observed in TEM may occur inside the cells. For instance, some 
functional enzymes such as respiratory enzymes were inactivated under PCO 
irradiation (Mutsunaga et al； 1985, 1988; Huang et al., 2000). Since enzyme 
inactivation could not be observed under TEM, it was possible that the cell might 
have already inactivated or died even intact cell morphology was observed. 
Due to the oxidative nature of PCO process, bacterial cell would be ultimately 
mineralized into carbon dioxide and water (Jacoby et al” 1998). The study of 
bacterial mineralization by TOC in Section 4.6.1 proved that when bacterial viability 
was totally decreased to zero，bacterial cells were only partially mineralized. 
However, complete mineralization could be achieved by extending the PCO process. 
From the final stage of TEM images, in which total bacterial removal was achieved, 
the number of cell observed was smaller while collapsed cell structure with damaged 
cell wall could still be observed, which agreed that complete bacterial inactivation 
might not necessarily achieved complete bacterial mineralization, instead, the 
disorder of membrane permeability and leakages and break down of vital 
intracellular components by -OH was more significant in contributing to cell death. 
Therefore, it was anticipated that by prolonging the irradiation time, the cell 
structure would completely disappear in the TEM images due to the occurrence of 
complete cell mineralization. 
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5.9 Chlorination 
5.9.1 Disinfection efficiency 
According to USEPA, guideline value for chlorine in water treatment was 5 mg/ L, 
so chlorination with sodium hypochlorite (NaOCl) at chlorine concentration of 1.5, 
2.5, 3.5 and 4.5 mg/L chlorine concentration were selected. Besides, samples were 
taken at 5 and 15 min to study the change in cell viability due to rapid reaction rate. 
Results showed that the strength of the chlorine disinfection reflected by the 
bacterial inactivation strongly depends on the dosage of free chlorine concentration. 
The sum of hypochlorous acid (HOCl) and hypochlorite ion (OCT) from the bleach 
solution refers to free chlorine which are responsible for the inactivation of 
microorganisms. Due to the strong oxidative nature of HOCl and OCT (Table 1.1)，it 
was proposed that the inactivation mechanism of chlorination was by oxidizing 
nucleic acids and proteins inside the cytoplasm as well as damaging the cell 
membrane and cell wall structure, thus changing cell permeability and causing 
leakage of cytoplasm through cytoplasmic membrane. Finally it would cause 
inhibition in respiration, transport and DNA activity and eventually cell death 
(McDonnell, 2007; Haas and Engelbrecht，1980). 
5.9.2 Transmission electron microscopy (TEM) 
This proposed mechanism was further supported by the TEM findings on E. coli 
K12 and P. phosphoreum. At the initial 5 min of 1.5 mg/L chlorine, both bacteria 
demonstrated similar morphological changes, few electron translucent regions 
appeared on the microbial cells indicating the missing of some intracellular 
composition as electrons emitted from microscope failed to pass through the 
bacterial cells (Plates 4.5-6A and B). This situation was more serious when using 
higher dose of chlorine for a longer period, suggesting that the oxidative damage on 
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the cellular components was more serious (Plates 4.5-4.6C and D). For E. coli K12, 
at 15 min of 3.5 mg/L chlorine, the cellular matter inside the cytoplasm was nearly 
disappeared but the cell wall was still intact (Plate 4.5F). Since the degree of cell 
damage proceeded with irradiation time, this implied the bacterial inactivation might 
not be attributed from the integrity of cell wall, but rather was the change in 
membrane permeability leading to the outflow of cytoplasmic constituents or entry 
of free chlorine inside the cells to oxidative cytoplasmic components. For P. 
phosphoreum, the cell wall structure even began to rupture at 15 min of 4.5 mg/L; it 
was because the chlorine concentration used for P. phosphoreum was higher (Plate 
4.6F). From observing the structural changes in TEM micrographs, it was expected 
that if the exposure time was prolonged or chlorine concentration was increased, 
damage of cell wall and the distortion and missing of the whole microbial cell would 
be inspected. 
Since the inactivation mechanism of chlorination was similar to that of PCO process 
but to a weaker extend due to the sub-lethal condition chosen, it implied that their 
inactivation mechanisms were similar by means of the oxidative attack of reactive 
species. 
5.10 UV-C irradiation 
5.10.1 Disinfection efficiency 
Results indicated a linear relationship of UV-C intensity and reduction in bacterial 
population. As suggested by Jagger (1967) and Wolfe (1990), UV radiation would 
damage genetic material by altering the normal DNA and RNA structure, which 
further lead to gene mutation, inhibition of DNA replication, protein synthesis and 
reproduction, resulting in cell death (Snider et al., 1991). 
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5.10.2 Transmission electron microscopy (TEM) 
As the principal inactivation mechanisms of UV-C photolysis was by causing gene 
mutation or lesions in bacteria, but not oxidation, it was expected that cell 
morphology would remain unchanged and totally differ from that of chlorination 
and PCO process. From the TEM micrographs, it was seen that the bacterial 
structure of all four bacterial species remained unchanged and intact even when the 
viable bacterial count dropped to zero. The TEM findings in this study thus agreed 
with the bactericidal mechanism proposed by the previous researchers. 
5.11 Comparison of the three disinfection methods 
It was indicated PCO, chlorination and UV-C irradiation were all effective 
disinfection methods towards the freshwater and marine bacteria. Chlorination and 
UV-C irradiation could rapidly inactivate bacteria in minutes or within an hour 
depending on the dosage of chlorine and UV-C intensity used as well as the 
treatment time. While PCO coupled with Ti02 and fluorescent light requires a much 
longer time, i.e. in the order of hours to reach complete bacterial inactivation. 
Nevertheless, fluorescent light-driven PCO is a more environmental-friendly, 
economic, safe disinfection technique than chlorination and UV-C irradiation. 
Concerning chlorination, despite its low operational cost and the provision of 
residual effect, it was clear that chlorination would contribute to the formation of 
carcinogenic and mutagenic DBFs e.g. THMs, HANs, HAAs in the presence of 
natural organic matter in water (Watts et al., 1995; Sadiqa et al” 2004; Hua and 
Reckhowa, 2007). Besides, when inactivating chlorine-resistant microorganism such 
as fungi, protozoan, cyst and bacterial spores, higher chlorine dose was required 
which gave strong odour in water (USEPA, 1999). 
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Concerning UV-C irradiation, its ease to operate, strong disinfection power and 
absences of harmful DBFs contributed to its popularity for disinfection, However, 
UV-C is mutagenic which is hazardous to human (USEPA, 1999). Direct exposure 
of UVC with shallow water depth was required for achieving effective disinfection, 
besides it required high energy consumption which made UV-C a costly and less 
practical option, especially in the rural areas (Kiihn et al., 2003). Furthermore, it 
released strong smell of ozone and heat during operation which ozone would pose 
health threat to human (Kim et al., 2002). Also, the use of UVC lamps requires the 
photoreactor made of quartz for UV-C transmission, thus makes installation more 
expensive (Parsons, 2004). Finally, since the disinfection mechanism was based on 
the impairment of DNA replication and transcription, the inactivated bacteria would 
have a chance to re-activate by photo-reactivation process (USEPA, 1999), leading 
to water re-contamination. 
While PCO disinfection was a better option in water treatment among the three 
methods, since the principal mechanism of PCO was the direct oxidative damage of 
cellular structure, when the experimental condition was optimized and extending the 
PCO treatment, it could completely destroy the bacterial cells (Jacoby et al., 1998). 
The TOC study in Section 4.6.1 and the regrowth study in Section 4.8 addressed that 
PCO is a self-cleaning and safe process. Although the treatment time of PCO was 
longer when compared to chlorination and UV-C irradiation, the use of fluorescent 
light from household lighting was more economical, less energy consuming and 
more environmentally-friendly, besides it would not generate harmful DBFs (Liao et 
al； 2001; Carp et al； 2004; Sichel et al, 2007). All these advantages have pushed 
PCO as an effective disinfection alternative in drinking and waste water treatment. 
125 
6. Conclusions 
Photocatalytic oxidation (PCO) is regarded as an innovative and cost-effective 
disinfection alternative for water treatment this century. By generating highly 
oxidative reactive species, chiefly hydroxyl radicals (.OH), it damages the microbial 
structure, and thus achieving its disinfection purposes. 
The present study mainly focused on the disinfection of marine and freshwater 
bacteria by PCO coupled with TiOz as photocatalyst and light emitted from 
fluorescent lamps as the light source. Two freshwater bacteria, named as 
Escherichia coli K12 and Shigella sonnei were isolated from water samples in the 
Shatin Sewage Treatment Works (SSTW) (Hong Kong SAR, China) while two 
marine bacteria, named as Alteromonas alvinellae and Photobacterium 
phosphoreum were isolated from bacterial stock collection in Hong Kong University 
of Science and Technology. All of them were identified as UV-A resistant 
Gram-negative bacteria. PCO utilizing TiOi and UV-A irradiation showed that the 
four tested bacteria were susceptible to PCO attack. Thus, the feasibility of using 
fluorescent light from fluorescent lamps as the alternative light source was studied. 
In the PCO experiment, 5.295 mW/cm^ fluorescent lamp irradiation and 100 mg/L 
Ti02 were used. During 120 min PCO process, complete bacterial removal (i.e. 
7-log) was achieved in A. alvinellae, while E. coli K12, S. sonnei and A. alvinellae 
showed 4", 4.5- and 5-log inactivation respectively during the course of 180 min 
PCO process. This suggested that the trace amount of UV light from fluorescent 
lamps was adequate for bacterial disinfection, proving that fluorescent 
lamp-mediated PCO coupled with Ti02 could be applied practically in real water 
disinfection situation in a safer, more environmentally friendly and cost-effective 
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way when compared to traditional UV irradiation. In fact, PCO has been taken up by 
companies and government agencies which have small and specific water 
purification needs e.g. electronic industry for high purity of water, dye and 
petrochemical industries for site or effluent clean-up. Besides as fluorescent lamps 
are easily available, it could ensure the continuity of water disinfection. In fact, other 
than fluorescent lamps, alternative visible light sources such as solar light, in which 
the third world countries with poor disinfection facilities possessed abundantly, are 
also feasible as they could emit trace amount of light in UV regions which might be 
sufficient for bacterial inactivation. However, further researches on the development 
of appropriate photocatalysts that can maximize the absorption of UV region or even 
the visible region for generation of ROS are required and its applicability, the design 
of reactor as well as the operation of disinfection system should be further 
investigated. 
After studying the feasibility of fluorescent light-mediated PCO reaction, the effect 
of initial pH, reaction temperature and growth phases on the disinfection efficiency 
of PCO towards the marine and freshwater bacteria were also investigated. It was 
demonstrated that acidic environment flavors PCO disinfection process by providing 
a stronger affinity for the photocatalyst, thus ROS to adsorb on the bacterial surface. 
While a faster rate of PCO under higher reaction temperature was illustrated 
possibly due to change in membrane arrangement and physiological state of bacteria. 
Regarding the growth phase, bacteria under different phases exhibited diverse 
survival pattern towards PCO, probably thanks to their intrinsic morphological 
difference or change in physiological response among the bacterial species. 
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In the study, it can be concluded that A. alvinellae showed highest sensitivity 
towards PCO reaction followed by S. sonnei, E. coli K12 and P. phosphoreum. 
Possible reasons for different bacterial sensitivity towards PCO were studied. First, a 
general correlation of SOD and CAT activities with the bacterial resistance towards 
PCO was found. Usually bacteria with a higher SOD and CAT activities bacteria 
was more resistant against PCO attack. However the relationship was not strong as 
exception was found in P. phosphoreum. This suggested that SOD and CAT 
activities were not the sole factors affecting the bacterial sensitivity to oxidative 
attack. In addition, during PCO reaction, SOD and CAT induction was observed in 
all the tested bacteria, addressing that these two antioxidative enzymes were 
triggered to defend against oxidative stress conditions 
Other than SOD and CAT activities, fatty acid composition and arrangement were 
believed to play a role in regulating the membrane biophysical features, thus were 
responsible for adapting the fluctuating environment. In this study, the fatty acid 
composition in terms of the level of unsaturation, branching and the length of acyl 
chain among the four selected bacteria were investigated and see if they were related 
to the different response to the oxidative attack induced by PCO. A general trend 
was found that bacteria possessed a higher proportion of unsaturated FA were more 
prone to be attacked by PCO. However no similar trend was observed for the impact 
of branching and chain length. Results concluded that the unsaturation level of fatty 
acid played a more significant role than branching and length of acyl chain in 
determining the bacterial susceptibility to PCO process. Moreover, y-linolenic acid 
which was the common conserved fatty acid found in the four bacteria was inversely 
linked with the susceptibility of PCO attack probably as polyunsaturated fatty acid 
would provide more favorable attacking site for •OH. 
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Besides, the density and complexity of cell wall structure, the size and morphology 
of bacteria, as well as the presence of other antioxidative enzymes or protein and 
bacterial surface charge might also contribute to the different susceptibility towards 
PCO attack which might need further investigation for confirmation. 
In the regrowth study, undetectable bacterial count for all tested bacterial strains 
following 96 h recovery period revealed photocatalytic disinfection had leaded to 
irreversible damage to bacteria, or brought the damaged bacteria to a state of "viable 
but non-culturable" state (VBNC), thus showing that PCO was a durable process 
and would not cause bacteria recontamination under sufficient treatment time. 
To explore the detailed mechanism of PCO process, leakage of potassium ions (K+) 
during the PCO process was determined. It was noticed that the bacterial 
inactivation was in line with the rapid leakage of K+，showing that generation 
of •OH by PCO would seriously disrupt the membrane permeability, causing 
leakage of intracellular components. In addition, results on the total organic carbon 
(TOC) analysis proved that PCO was capable to achieve complete bacteria 
mineralization, thus it was a self-cleaning and safe process for water disinfection. 
Lastly in the TEM studies, similar morphological changes among the four bacteria 
were observed. Along the PCO process, the area of the electron translucent regions 
was increased, indicating that the oxidative 'OH once adsorbed on the bacterial 
surface, would immediately penetrate through the cell wall and continually attack 
the cytoplasmic membrane by lipid peroxidation. On the other hand, the rupture of 
cell wall appeared at the later stage, which suggested that cell wall destruction was a 
secondary phenomenon of PCO process. At the end stage, as the cell structure with 
damaged cell wall was almost collapsed, besides significant regions were found to 
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be electron-translucent, it was believed that prolonging the PCO process would 
ultimately caused total cell disintegration, which was consistent with TOC findings. 
On the other hand, the inactivation efficiencies of chlorination and UV-C irradiation 
were examined among the four studied bacteria and their corresponding inactivation 
mechanisms were illustrated and compared with florescent light-driven PCO by 
TEM. It was found that both chlorination and UV-C irradiation could inactivate the 
targeted bacteria in a more rapid rate and were less difficult to use than PCO process. 
However, the low operational cost and expenditure of energy consumption as well 
as the absence of DBFs and use of harmless oxidants from PCO far outweigh the 
mentioned shortcomings, thus making PCO an attractive and practical water 
purification option. While the inactivation mechanism of PCO and chlorination was 
found to be similar from TEM images due to the similar inactivation mechanism by 
oxidative attack from oxidative species. While UV-C irradiation showed distinct 
disinfection mechanism from chlorination and PCO. TEM findings did not show any 
observable morphological changes along UV-C process, it was reasonable as the 
killing action of UV-C was based on gene mutation, inhibition of DNA replication 
and protein synthesis, but not the oxidative damage on bacteria. 
However, when applying PCO in real water treatment plants, several obstacles 
would be encountered. Firstly, in real situation, a pool of assorted inorganic, organic 
and microbial pollutants would exist in the untreated water. PCO is a non-selective 
and highly oxidative process, thus it could give dual benefit of both environmental 
contaminant treatment and disinfection. However, certain inorganic species such as 
chloride ions were known to hinder the formation of ROS during PCO process. 
Besides, the presence of inorganic and organic pollutants would compete with the 
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microbial pollutants for 'OH, thus lower the disinfection efficiency. Moreover, it is 
clear that the disinfection efficiency of PCO relies on the light intensities, though 
fluorescent lamps are a practical irradiation sources, the amount of UV light emitted 
is relatively low, which makes the treatment process rather long. Furthermore, 
though Ti02 powder dispersion has a high disinfection efficiency per unit area and 
has no mass transfer effect; it will form milky suspension with water which makes it 
difficult and expensive to be separated from the treated water. Despite that the fixed 
film semiconductor photocatalysts required no subsequent separation step, it was 
less efficient in terms of photon generation and more difficult and costly to make 
and maintain. Besides in real application, since at least one side of reactor require 
the use of transparent material such as glass or silica, it may limit the size of reactor 
and may cause sealing and breakage problem. 
Consequently, PCO disinfection system with optimized operation time and dose of 
irradiation and photocatalyst was crucial to maximize the efficacy of the disinfection 
process. Besides, a more technical and integrated reactor design is critical, for 
instant, regarding the design on the arrangement of light sources, when using 
low-energy or low-intensity lamps such as fluorescent lamps, circular design with 
reflectors and multiple light tubes installed can achieve a high radiant flux. In 
addition, continuous purging of oxygen stream or addition of electron scavenger 
such as H2O2 could be incorporated in the design to improve the overall efficiency of 
microbial disinfection. Also, the volume of wastewater and solid photocatalyst 
should be handled the in an optimum way. Furthermore, the use of supported or 
fluidized semiconductor photocatalysts can be a solution to offer a reasonable 
specific surface area but at the same time are sufficiently large enough to settle 
down under gravity. 
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